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16351 UNDERSEA SUSPENDED CABLE STRUCTURES — 
1 


KEY WORDS: Cables (ropes); Currents (water); Drag; Dynamic response; . w hee 

-Hydrodynamics; Hydrostatic pressure; Implantation; Ocean engineering; | 

Offshore platforms; Suspended structures; Underwater construction; 


ABSTRACT: The design, analysis ‘implantment of 2 suspended cable 
structures is explored. These structures have been located in water depths to 19 000 
feet (5,800 m). The predominant external load imposed on the structures in-situ is aa 3 
current-induced drag; however, the design is often significantly influenced by the q 
dynamic forces “generated during implantment by the surface platform motions. 
Hydrostatic pressure may be the governing load in the design of some components. — 
Analytical techniques are available for predicting the dynamic response of these 
structures subjected to implantment and in-situ forces. The influence of cable .o. 
strumming on structural response can also be estimated. The « design must consider the , F 
following: limitations to be imposed on the structure motion, the mean and maximum ; 
current profile, the corrosion and biofouling potential at the site, and the weather 1 


window for implantment. Implantment (or techniques emphasize 


La 


REFERENCE: William and Meggitt, Dallas J., “Undersea 
_ Cable Structures,” Journal of the Structural Division, ASCE, vet 
Paper 16351, June, 1981, pp. 1025-1040 | 


16352 DETERMINISTIC FLUID FORCES ON 
KEY W ORDS: Currents (water); Diffraction; Drag; namic “pressure; 4 
Hydrodynamics; Inertia; Loads (forces); Offshore structures; Underwater 
"ABSTRACT: The deterministic wave- and current-induced hydrodynamic loadings on | 
sea-based structures are reviewed. This state-of-the-art review does not include 
geotechnical, surface, or installational/operational forces. Wave-induced loadings in 
both the small member (Morison equation) and large member (diffraction) regimes of _ 
wave force computations are reviewed. The selection of appropriate water wave 
theories and hydrodynamic force coefficients is included. The effects of laboratory _ 
facilities on the evaluation of the hydrodynamic force coefficients for periodic flows 
REFERENCE: Leonard, John W., Garrison, C. J., and Hudspeth, Robert T., 
“Deterministic Fluid Forces on Structures: A a * Journal of the Structural 
seeneendanem Vol. 107, No. ST6, Proc. _— 16352, June, 1981, pp. 1041- 1057 ea» 


16383 BOTTOM-SUPPORTED CONCRETE PLATFORMS 40 
WORDS: Concrete (post-tensioned); Concrete (reinforced); 
Foundations; Offshore drilling; Offshore platforms; Offshore structures; a i oF 
Shell structures; Soil-structure interaction; Space frames; Structural meer 
dynamics; Underwater construction; Underwater structures 
_ ABSTRACT: A concrete gravity platform consists of a cellular caisson made up of a — 
collection of large concrete cylinders supporting three or four large diameter tubular — 
columns with a steel frame deck structure on top. The huge size of the overall 
‘structure, and the variety of load conditions, make it complicated to analyze all of the 
_ problems with one structural model. The complete soil-structure-water system is 
divided into separate systems for analysis, and then the load cases are combined with 
due regard for interaction effects to determine the total response. Three general classes — 
of analyses are involved: (1) Space frames; (2) continuum type shell problems; and (3) | 
interaction problems. Methods of predicting elastic-plastic-fracture 
_ behavior and implosion pressure on the outer cell walls are mentioned. Kinds of failure — 


of gravity type foundations for offshore structures are given. in 


_ REFERENCE: "Graff, William J., and Chen, Wai F., | “Bottom-! -Supported 


Concrete 
Platforms: Overview,” Journal of the Structural Division, ASCE, Vol. 107, No. fe 
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16354 PIL E-SUPPORTED STEEL OFFSHORE PLATFORMS 


Offshore structures; Structural design; “Underwater construction; 


Underwater structures 

ABSTRACT: Offshore construction as we know it today began in 1947 with the — 
installation of the first steel template-type structure in the Gulf of Mexico. Twenty 
years later there were over 2,000 such structures, and the technology had matured in 
the sense that much of the pioneering had been done, and the pattern was pretty well | 

set for what are today’s routine structures. The basic technology is outlined to provide | ~ 

_ one designer’s perspective from which recent developments can be appreciated. This © 

present state of practice is codified in API RP 2A. The outline cites 197 landmark ~ 
papers from among the over 2,600 which appear in the Preprints/Proceedings of the 
_ Offshore Technology Conference, as well as 88 other key reference from other sources. 


REFERENCE: Marshall, Peter W., “Fixed Pile-S Supported Steel Offshore Platforms, 
Journal of the Structural Division, ASCE, Vol. . 107, No. ST6, Proc. Paper 16354, 


| KEY WORDS: Buildings (codes); Communication between 
engineers; Decision making; Design; Group dynamics; Live loads; Safety; 


ABSTRACT: The Delphi nethod of highly structured group communication is 
a described. The method is characterized by anonymity of responses from a panel a 
{ experts, controlled feedback with a statistical description of responses, and multiple 
iterations to reach a consensus. It is designed to extract the maximum unbiased — 
information in reaching the most reliable results. The basic philosophy, historical 
| Se and relevance of the method to structural design loads are addressed. The | 
| Delphi method is applied to the revision of design live loads for American National | 
| Standard AS8, “Building Code Requirements for Minimum Design Loads in Buildings — 
and Other Structures.” A panel of 25 outstanding structural engineers was formed and 
two interactions used to produce final recommended changes to the standard. A 
detailed discussion of the conduct of the Delphi and the implementation of the 


REFERENCE: Corotis, Ross B., Fox, Raymond R., and Harris, John Cc. ' “Delphi 


Methods: and Load Journal of the Division, 


ABSTRACT: Procedures. as calculating the torque-twist response of thin-walled open 
reinforced concrete members are presented. Traditional theories for predicting the 
warping torsion response of elastic, homogeneous beams can be modified and extended 
so that post-cracking and inelastic warping torsion response of reinforced concrete 
open thin-walled beams can be predicted. The theoretical procedures are illustrated by 
ae the response of a reinforced concrete channel beam attached to rigid 
abutments and loaded with a torque at midspan. The predicted response includes not — 
only the relationship between the applied torque and the resulting rotation but also 
estimates of the torques at which the concrete will crack, the reinforcement will yield 
_ REFERENCE: Krpan, Petar, and Collins, Michael P., “Predicting Torsional Response 
of Thin-Walled Open RC Members,” Journal of the Structural Division, ASCE, Vol. 
‘107, No. ST6, F Proc. Paper 16333, June, ‘1981, pp. | 1107- M27 r 
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16 16332 _— WALLED OPEN RC STRUCTURE IN. TORSION = 
WO 4 WORDS: Beams; Concrete (reinforced); Cracking; 


stability; Reinforced concretes; Strain; Structural dynamics; Tests; “<< 
Torsion; 


ABSTRACT: A large, U-shaped, thin-walled, reinforced concrete beam, restrained at bale 
‘both ends with heavy diaphragms, was subjected to torsional moment at midspan and au 
tested throughout postcracking and post yielding ranges to its ultimate capacity. a 7 
Measured strains in the longitudinal steel, and stirrups, and torque-angle of twist al 
curves, torque at yielding and cracking were compared with predictions based on the — 


“theoretical models proposed by the writers in a companion good 
agreement was obtained. 


' REFERENCE: -Krpan, Petar, and Collins, Michael - “Testing Thin- Walled Open RC 
‘Structure in Torsion,” Journal of the Structural Division, ASCE, Vol. 107, No. ST6, 


Proc. Paper 16332, June, 1981, pp. 1129-1140 


0) Tis cables when” 


the 


@ 
ail 
| 
dq 
= 
a 
| 
ke 
3 
= 
4 


vib 


Customary-SI Conversion Factors : 


use has been published the American Society for Testing and Materials. of this 

; * publication (Asi E-380) can be purchased from ASCE at a price of $3.00 each; orders must © o od 

~All Slee of Journal papers are being asked to prepare their. papers in this dual-unit format. £ 


To preliminary assistance to authors, the list of conversion factors and guides 


a To convert 
yards (yd) 
miles (miles) 
square inches (sq in.) | 
square feet(sqft) square meters (m ) 
square yards(sqyd) square meters (m*) _ 
square miles (sq miles) kilometers 
acres (acre) x). hectares (ha) 
cubic inches (cu in. -) cubic millimeters (am 
cubic feet (cu ft) cubic meters (m 
cubic yards (cu yd) cubic meters (m’*) 0. 765 
= pounds (Ib) mass kilograms (kg) (0.453 
pound force (Ibf) newtons (N) 4. 
pounds per square foot (psf) pascals (Pa) 
pounds per Square inch (psi) kilopascals (kPa) 
cubic meters(m*) 


= 


| 
In accordance ated A 
- 7 that all publications of the Society should list all measurements in both U.S. Customary and au a 
; z SI (International System) units, the following list contains conversion factors to enable readers _ 


J. and Dallas J. Meggitt,” Members, ASCE 


df Yr tack of an} sigaifioun’ 
me 
suspended under tension in the water column. Suspended cable structures are 


a common and important class of ocean structures; the ship mooring may be 
the earliest and most common application of this type of structure. However, 


' as platforms to support instrumentation (7,13,20) and a as moorings for subsurface 
_ These structures consist of three principal subsystems: (1) The cables which — 
‘serve as the principal load-carrying element; (2) the flotation which — ; 
: the system in the water column; and (3) the anchorage which secures the = 
‘to the seafloor. The assembly of these subsystems into a a a structure can take 
_many forms; general. classes of these forms are shown in Fig. 1. Two specific a 
examples are shown in Figs. 2 and 3. The Squaw mooring (15), Fig. 2, consisted _ 
bad four mooring legs (cables) with dead- -weight anchors for the vertical legs 4 
and drag-type anchors for the catenary legs. The flotation was provided by 
payload, Squaw hull, a submarine hull which functioned as 
target for Navy training — 
A tripod mooring (20), Fig. 3, which was used to obtain measurements “of 
internal waves, which are waves travelling along the interface between layers 
of different density in the ocean. The mooring consisted of three legs biol 
flotation attached at discrete points along their lengths to reduce leg weight 
and thus leg catenary sag. Additional flotation was provided by a a buoy at th the 
: apex. This design was aimed at minimizing the motions of the wave measurement 


a “Presented at the October 22-2 26, 1979, ASCE / Annual a Convention and Exposition, held — 
'Dir., Ocean Struct. Div., Civ. En Engrg. Lab., Naval Construction Battalion Center, Port 
Dir., Construction Systems Div., Civ. Engrs. Lab., Naval Construction Battalion Center, -” 


Note.—Discussion open until November 1, 1981. be 
Pet for the individual papers in this symposium. To extznd the closing date one 
month, a written request must be filed with the Manager of Technical and Professional 


a 19, 1980. This paper is part of the Journal of the Structural Division, Proceedings — 
‘a the American Society of Civil Engineers, ©ASCE, Vol. 107, No. ST6, June, 1981. -_ 
ISSN 0044-8001/81/0006-1025/$01.00. = = Px 
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= provides insight into both the techniques and the problems involv: od “+4 
ocean construction and, thus, provides a vehicle to acquaint engineers unfamiliar 
' with ocean design and construction with some of the pspects involved in such — 


an activity. This pe paper is directed Gils end. 


tri-mooring 
1.—General Classes of Undersea Suspended Cable 


he presentation that follows is divided into three sections. The first is 

te ‘concerned with the structural design and analysis of the total system. The second 
covers design aspects of the major subsystems, and the last section describes — 


some of the problems associated with installing such structures. = 


Cables are are treated normally as elements ‘that resist ‘only te tension in the = 
direction. The analysis of cable 


In recent years significant 
a 
q J 


SUSPENDED CABLE 


> 


—bridges, buildings, etc. These complexities arise in part because _ 
the analysis involves the solution of an extensively nonlinear structural response _ 

_ The nonlinearities are caused by the following factors: (1) The large changes. 
in configuration which undersea cable structures generally undergo in response — 
to applied loads (geometric nonlinearity); (2) the nonlinear load-deformation | 
behavior of cables, which also includes the lack of any significant stiffness 
in compression (material nonlinearity); (3) the dependency of the load on the 
position, shape, and orientation of the structure; (4) the drag loading. which — 


(syntactic foam) 


distributed on 


submarine hull 


FIG. 2.—Squaw Mooring ft = 0. 305 m) FIG. 3.—Instrumented Tri-m 
is a Conde of the velocity squared; and (5) the limiting surface and seafloor 
constraints which are dependent on the cable response (21,22). 
‘The analysis of an undersea cable structure can be divided into two principal mg 
problem areas. One involves the analysis of the structure as it is deployed 
_ (or retrieved) in the ocean; this is primarily a dynamic analysis because the _ 
motion of the platform can excite the cable system at one of its natural frequencies; _ 
the resulting tensions may well control the cable design. The other involves — 


_ the analysis of the structure once it is implanted in the ocean; this is primarily - 7 
a steady state analysis because the applied load is generated by a relatively 
Steady current-induced drag force. However, dynamic response may be induced © 
_ in this state if the cable responds to vortex shedding as the water moves past — 
Three major approaches have been used to describe the behavior of sea-based _ 
cable structures. Two of them subdivide the cable system into discrete elements — 


_ while the other considers the cable to be, as in fact it is, a continuum. The 

4 two discrete element approaches are the lumped parameter and the finite element — 

- methods, both of which are also widely used by structural dynamicists for 

more conventional structures. In the continuum approach, the the governing equations 


appear to be a relati bn the contrary, 
| | 
: 
— 

| 

4 

q 


developed considering a differential element: of the | with th the exter 

lumped parameter method has great appeal because 
is founded to a large extent on physical intuition. A continuously distributed 
Bessie is replaced by a system of discrete mass points (or lumped masses) 

interconnected by suitably chosen springs and dampers (dashpots). On the other 
hand, the finite element method -Tepresents the continuous system: by a series 


interpolation functions which are generally expressed in terms of the displace- _ ae 
ments of the end points (or nodes) of the element. 


Ss For each of these approaches, techniques have been developed for solving 
the governing equations. . Refs. 3, 10, 21, 22 provide detailed analyses and ¢ can 


a examples of techniques for calculating the structural response of : sea-based cable ay 
= structures will be briefly described. These techniques are versatile in terms 
of the complexity of the structure that can be handled; they have been verified 
a comparison of their output to data obtained from laboratory and at-sea — 
= experiments, and they provide a good indication of the capabilities of the current 
; state of technology 1 for analyzing suspended cable structures. One is concerned — 
with the steady state response and will be considered herein in the section 
on static analysis. The other two are used to predict the dynamic response 
and will be described in the section on dynamic analysis. _ Tn Ge 
Static Analysis.—-The most commonly used method for the 
formed and tensions of a cable structure under ar State loads uses 
| 
the consistent deformation theory (16). This method, ‘combined with the technique _ 
of successive approximations, permits the analysis of externally and internally 
indeterminate cable arrays in a three-dimensional current field. This method 
is incorporated in the computer program DESADE (14,17) which calculates 
oe the steady state configuration and tensions given the environmental conditions, 
the physical and hydrodynamic characteristics of the structure’s components, 
and the anchor locations. The environmental conditions are defined by the > 
: seawater density at the site and the current field description (horizontal and 
vertical distribution). The physical characteristics include the size, shape, weight 
" (buoyancy) and location of each component, except the anchors for or which only - 
- The hydrodynamic characteristics are used to define the applied force on 
_ the structural components. The applied fluid force consists of two terms, one ; 
‘Tepresents the current drag loading and the other represents an inertia force, 
which is proportional to the mass of the displaced water, described as follows ‘ 
in which p > = mass of thes A 
q area of the inom (for a cable A per unit length of the cable = d, the 7 
cable diameter); = current velocity = vector difference between the fluid 
and component C,, = mass coefficient; V = characteristic 
for a unit length of cable, V = (d’)/4; and U = particle acceleration = 
vector difference between the fluid and component accelerations. 
*™ _ For the static problem the second term is zero and U equals the fluid velocity. 


| 
| 

| 
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This force is ‘then called the drag force and is | generally ‘expressed in terms 
of forces normal and tangential to the longitudinal axis of the wncetreneo 
is computed based on the velocity components in and the drag coefficients - 
for the normal and tangential directions. the tangential drag coefficient 


; = The normal drag coefficient, C,,, for the cable is generally taken to be equal — 
to that determined from tests on a sample of the cable which is held Stationary 

in a constant, uniform flow field. Ref. 4 provides values of Cus for various — 


types of cables. Table lisa summary of some “of the ane ‘Presented in Ref. 


‘that, for cases where the motions or forces on the peek are an ieseciet 

: design consideration, C,, for the cable should be determined by laboratory 
tests. The effective drag coefficient may be increased d by: strumming ; as considered 


Cable 
(1) 


Unjacketed stranded 


1.54 
jacketed steel} | | | 
cables | 1.16 | 1.50 | 1.64] 0.72, 
at Dynamic Analysis. —The dynamic analysis of undersea cable structures a 
generally separated into two areas. One is concerned with the large displacement 
"response where the magnitude of the displacements is much greater than the 7 
Bap of the cable. The other deals with the flow-induced small amplitude 


vibrations commonly referred to as cable strumming. ai 
_ Large Displacement Dynamics.—Failures of cable systems occur most often 
during implantment or retrieval, when the deployed portion of the structure 
‘is eutjocted to the transient loads caused by the motions of the construction — 

-_ - platform. Snap loa loads are a potential hazard during these operations; these loads = 
— occur in a cable w when it becomes slack and is abruptly retensioned; snap loads _ 
= to ten times greater then the static load have been measured. The ability, 
therefore, to analyze the structural response during deployment or retrieval 
is critical to the success of the whole construction project. For the dynamic — 


the fluid fore force is defined by both terms of Eq. 


___ the tangential drag force is often neglected, since its effect on the overall steady ff 
— 
Mini- | Aver- | Maxi-| ber of Mini- | Aver- | Maxi- | ber of =—sd 
‘mum | age |mum| tests | mum mum | tests 


‘The computer program SNAPLG the peremeter 
* a large class of two-dimensional dynamic problems (8). Loadings can be from, 7s 
_ surface waves, steady ship velocity, or a nonuniform current profile. Geometric va 
nonlinearities and velocity-squared nonlinear drag forces are included, as well a 
as payout and reel-in operations. The material properties are assumed to be 
; linear in the tensile region. If the cable slackens, the cable stiffness is set v3: 
to zero and the computations proceed. Thus, the occurrence and location of =e 
_ snap loads can be defined, but the magnitude of the the snap loads cannot yet 
& The finite element program SEADYN was s developed ‘specifically for underwa- — 
ter cable structure dynamic analysis (21). It is much more general than SNAPLG. . 
The program solves 3-dimensional problems including transient and steady state 
_ behavior for complex systems which include buoys, anchors, fixed joints, different = 
cable materials, and payout or reel-in. The combined nonlinear effects of large 
‘displacements, large strains, v velocity-squared hydrodynamic loading, nonlinear 
‘materials, and constraints on the surface and bottom of the current field can 
be handled by SEADYN. Natural frequencies and mode shapes can be calculated. 7 
_ Loadings can be from point loads, nonsteady 3-dimensional current fields, surface - 
= or wave spectra, and wind loadings. The modelling techniques and solution = 7 
a high degree of " versatility in | obtaining solutions c of | the desired ac accuracy at 
_ Comparisons of output from these two programs have been made with data 
from a series of small-scale laboratory tests and indicate ong both programs 
provide reasonable estimates of cable motion and tensions (12). ‘Smaeens 
Small Amplitude Vibrations.— —Relatively “small- -amplitude, high-frequency 
cable vibration due to periodic lift forces induced by vortex shedding (generally 
termed strumming) is a commonly observed phenomenon in the ocean. This 
motion frequently results in degraded sensor performance (in the case of cables — 
; - Serving as instrumentation platforms) and accelerated fatigue of structural 
_ elements. Furthermore, the drag of a strumming cable is significantly higher — 


~ than that of a a nonvibrating cable, "producing higher stresses | in some of the 
elements and a greater distortion of the structure in a given current field. te 

_ The effects of cable strumming on the steady-state response of cable arrays. 

can be taken into account by increasing the value of the normal drag coefficient 
as used in the drag term of Eq. 1. A strumming predictive model is available — 
to provide predictions of the amplitude and frequency of strumming for r cables 
: in a uniform current; using experimental data, the amplitudes and frequencies 
_ have been related to the apparent increases in the drag coefficient of strumming _ 
cables (6). Increases in C,, of up to 2.5 times that of a stationary cable oe 

_ possible. A strumming model was utilized with the DESADE program and the — - 
- calculated response was confirmed by the SEACON II structure data Q, 18). a 7 
sa steady state analysis must take into consideration strumming if 


reasonably accurate predictions are to be obtained. en ak ae 
“ Cables.—Two types of cables are used in undersea suspended cable Structures, : 


"mechanical cables and electrical- mechanical (E- cables. Mechanical cables 


ne 
3 
| 
fo 


‘SUSPENDED CABLE STRUCTURES 
are ware like those _— for terrestrial applications. The E-M cables are common 


in ' undersea Structures 'S because of the frequent need to ) provide both electrical 


to ‘transmit power or signal, or both, while ‘the strength. member transmits the 
axial tensile load. Because E-M cables are generally the more unique and a 

- of the two types, the remainder of this section will emphasize E-M cables. 4 
_ Furthermore, to a large extent the discussion of the mechanical portion of an _ 
q i E-M cable applies equally well to ‘mechanical cables used for undersea suspended ; 

polyethylene 


ix no. 22 AWG copper wire 
(Polyethylene jacket diameter, 1.25 in.) pio obsar mon 


armor 


(b) External Stren: th ‘Member. 


FIG. 4. —Examples of Electrical- Mechanical Cables. (1 m = 25.4 mm) — 
The basic elements making | up an E-M cable are: : (1) The conductor(s); (2) 
* dielectric; (3) the strength member; and (4) an outer (protective) jacket. The 
ete and strength member can be configured within the cross — 


is internal or external with reference to the electrical conductors. Examples 


a in various ways. The principal division depends on whether the strength member 


of each type are shown in Fig. 4; each has its advantages and dlendventages. 


4 


The internal strength makes es the ¢ electrical breskouts and 
a more flexible cable. An external strength member provides greater protection 
for the electrical conductors; it is frequently referred to as armored cable. vb 
Pe. The electrical characteristics of E-M cables will be considered only briefly 
here. There are two basic types of conductors, coaxial and multiconductor. 
_ The conductor material is in almost all cases copper, primarily because the E-M 
cables are used for signal transmission and copper provides the best combination 
of low cost and high conductivity—the latter being essential for maximum _ 
_ frequency bandwidth (11). However, the continued development of fiber optics 
7 for use in signal transmission cables “os have a great effect on the design 
of future undersea suspended structures. 
a The dielectric material isolates the conductors | and is ; usually solid for the 
applications addressed here. There are several materials which can be used; = 
polyethylene and teflon are two common ones. Polyethylene provides a good _ 
balance of electrical properties, mechanical properties, and cost (11). Jacket 7 
‘materials are available which will reduce the in-water weight of the cable as 
well as provide protection | of the cable against abrasion. Polyethylene foam 
isa common jacket material and has a relative density of 0.7. Neoprene, polyvinyl © 
chloride, and polyether type polyurethane are other possible jacket materials. a 
_ The latter material is considered to be a superior material in abrasion resistance — -% 


and produces an effective bond at terminations and connectors (2) 


‘trademark; a eyathetic aramid fiber), "fiberglass, polyester. However, the 
cable must be designed so that the strength member takes essentially all of 
- the load. Because all the elements of the cable are effectively bonded together, 
they are subjected to the same unit elongation when the cable is stressed. 
. The stretch of the insulation and jacket materials is such that there is = 
problem in their being overstressed. However, this is not the case for ‘most 
conductors, and the strength component material must be selected and the 
Fon designed to prevent the copper from being overstressed. A high modulus 
7 of elasticity is desired for the strength member in order to minimize the load 
carried by the conductor. Because of their low modulus of elasticity compared 
that of copper, Synthetics other than Kevlar or fiberglass used in parallel 
with copper could result in the copper wires being overloaded. For many E-M | 
cables, the copper is usually used in the form of braids and twisted multiple _ 
conductors, which greatly reduces the likelihood of the copper being overstressed. 
_ Desirable characteristics of an E-M cable to be used in suspended cable structure 
are: (1) “balanced or torque- free construction; 2) low u unit | @) 


of termination ‘and se sensor attachment; (1) corrosion- resistant; (8) nonfouling: 

and (9) stable and reliable physical and electrical properties; 

most terrestrial construction, ocean construction normally 
at one point a load on a free end of cable several hundred to several thousand 

_ feet long. When a load, for example a dead-weight anchor, | is being lowered _ 
- into the ocean the load may rotate because the tension causes the cable to 
_ unwind. ‘When the load reaches the seafloor, the tension is reduced to zero ia } 

| is the stored torsional energy is released, causing loops to form in the cable. g 


ae can cause the cable to kink (a _ owest or curl of oe on itself), » 


| 


4 


| 
q 
| 
| 
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all. amounts 
of rotation ane: load. Therefore, a torque-balanced cable i s desirable because > 
it eliminates the problems of torque and twisting under tension. . Torque- -balancing 
can be achieved through various cable construction techniques, e.g., braided _ 
reversed-lay cable constructions, 
_ A lightweight cable facilitates handling and minimizes the appended buoyancy Pd 
me to overcome the cable weight. The smaller the cable diameter, the 
smaller will be the drag force which is directly proportional to the diameter. ted 
hs A high modulus of resilience provides — a cable which is more effective in — 
absorbing dynamic loads which may be generated as it is deployed from a 
surface vessel. The modulus of resilience is represented by the area under 
“the elastic portion of the load-elongation curve. Kevlar combines a higher stress _ 
capacity and lower E compared to steel and therefore has a higher modulus 4 
of resilience. Nylon has a greater modulus of resilience than either ‘Kevlar - 
or steel, but is generally undesirable for E-M cables because of its low modulus } 
Cable handling involves loading the cable aboard a platform, deploying it, _ 
ond often retrieving it. The cable design should allow these manipulations without © 
_ damage t to the cable or excessive twisting which could lead to kinking. Generally, ‘2 
the more flexible a cable, the easier it is to handle. Cable flexibility is dependent 7 
on several factors: wire or fiber material and diameter, cable diameter, and 
_ The rationale for including the remaining characteristics is tied to the nena 
and severity of the environment into which the structure is placed. It is remote 
because of the difficulties in getting to and performing work on a ‘structure — 
whether it be in water shallow enough to be accessible by divers or in deep 
r water so that remotely-operated vehicles or manned submersibles must be used. : 
_ It is severe because corrosion and fouling (biological growth) can occur although — 
the degree to which they are a problem is site and depth dependent. _ Whether | 
the structure is maintained, repaired in-situ, or retrieved, it is not a wa 
a. or inexpensive task so the need for such a activity i is minimized. gorsdge me aealy 
Buoyancy.—In cable-supported construction, the cables are 
- ~ suspended from fixed supports. The counterparts in undersea suspended cable 
; - structures are the buoys which support the cable and other equipment in the | ‘ 
water column and are therefore a critical element of the fom 
can be distributed or concentrated; however, distributed 
. ae been designed with low density jackets which cause the cable to be positively 
_ buoyant in water. Buoys provide discrete quantities of buoyancy and are given — 
the primary consideration in this section. 
‘The major ¢ desirable characteristics of a buoyancy material or buoy are: wo 
nt Low density; (2) low-water absorption or watertightness; (3) high hydrostatic _ 
“4 pressure strength; (4) corrosion resistant; (5) antifouling; and (6) bulk modulus _ 
equal to seawater. Low density is of prime importance because of the desire 
_ to maximize buoyancy and minimize weight. There are basically two approaches: | 7 
One is to displace the water by a material which has a lower density than 
the water. The other uses a shell which creates a cavity in the water. Buoyancy — 


- is a the difference between the shell weight and the weight of displaced water. ee 
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‘eed the : structure is installed. Pressure-resistant hulls should be 

_ prooftested prior to deployment to ensure watertightness. In some cases, = 

watertightness i is absolutely critical, all the joints or mating: surfaces of metallic ; 

i The hydrostatic compressive strength of the buoyancy package will determine | Z 

the depth to which it can be safely used. Generally, buoys to be submerged 

to any significant depth and constructed as a pressure hull are spherical in © 

shape because this provides the most efficient shape based on a buoyancy-shell 


4 Corrosion and fouling are two" other factors which must be considered. 


the magnitude of buoyancy and may be a a problem with | any ) of the buoyancy 7 
alternatives. The extent of these two problems will be site dependent. Fouling 

_ will generally be a problem in warmer waters and at the shallower depths. 
Corrosion may reduce the structural integrity of the metallic buoyancy elements 4 

_ but is generally not a a problem with th syntactic foam and glass and aes hollow 


‘in the magnitude of buoyancy with duet. The bulk moduli for syntactic foams 
3 and pressure-resistant hulls are generally equal to or greater than that of seawater a 


and, therefore, the erry: either remains constant or increases with eel 


‘Syntactic foam, Lon and are the materials most 
used for buoys. The latter three are generally used to construct pressure- -resistant 
Syntactic foam is a plastic matrix filled with tiny hollow spheres. The 
_ microspheres which generally make up about 60% of the composition are made 
of glass, plastic, or ceramic. Generally, syntactic foam refers to the — 
of glass spheres in an epoxy resin. Syntactic foam has many of the desirable 
characteristics for buvyancy materials. It has a low density, 26 pcf-42 pcf 000 
kfm 670 kg/m’), a high resistance to hydrostatic pressure, 9,000 psi-21, 000 
| = (62,000 kPa-145,000 kPa), and is corrosion-resistant. The characteristic . | 


most concern is the susceptibility to buoyancy loss with prolonged exposure 

_ There is some question as to whether the buoyancy loss is due to the material 
_ absorbing water or whether the outer layers of microspheres are physically — 
crushed, decreasing net buoyancy. Data are sparse on the long-term resistance - 
_ of syntactic f foam to buoyancy loss. Ref. ae provides a summary of most of | 

the available data. These data indicate that changes in buoyancy could be as 

high as 20% for a submergence period of 10 yr. The amount of buoyancy loss 
oan on several factors besides length of exposure, including foam density, | 

_ hydrostatic pressure, and sample size and shape. Since syntactic foam is 
snanepenne to buoyancy loss, iti is critical that the a amount of acceptable rn il 


on the amount of allowable buoyancy change. pyar weed 
Several types of buoyancy packages are available commercially and have 


been used in cable structures. For operational depths | above about 4 —s é 


kt 
, 

4 
a 
| 
7 such aS gasoline and air which are used in containers Or shrouds open to tne * 7 
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ae are generally available. The collapse depth of steel andaluminum spherical _ 


in of low or intermediate strength preclude their use as efficient | buoyancy 
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TABLE 2.—Summary of Anchor Characteristics (Ref. . 


site data ; 
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Easy recovery 
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for temporary 
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capacity de- a 
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ly when uplift 


forces are ap- 
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(4.200 m), pressure hulls of plastic, steel, or aluminum are widely used, and 
q 
Anchor t 
| 
Red” | 
| | 
‘se As above 
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| 
sediment > 
| 
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packages about 4, 000 ft 200 m). The -resistant hulls of plastic, 


7 eel or aluminum which are generally available commercially have buoyancies 
up to approximately 500 Ib (230 kg). Hulls of larger buo buoyancy usually must 


be « designed for the specific circumstances. wai Yo > 


| 


anchor, anchor. direct embedment anchor. 


Anchors.—As in terrestrial construction, the anchorage “system resists 
 - load in the cables. This can be accomplished in one of three ways: 
(1) By applying adequate weight at the base to counteract the maximum force 
, in the cable; (2) by utilizing the seafloor sediment or rock to provide the necessary a 4g 


resistance; or (3) by using a combination of items | and 2 to develop the total _ 
7 anchoring force. The first technique is the simple dead-weight anchor. ‘The : 
second includes conventional anchors, piling (drilled-in or driven), and direct-em- 


bedment anchors (propellant- or vibrated). The third may be represented 


— 
| 
= > 
1 


5 of the different anchor types, and Table 2 a 
of the characteristics of some commonly used lanchors. 
Uplift-resisting anchors have several advantages | over drag an- 
ey -chors. They reduce the scope (length) of mooring cable required; this becomes 
increasingly significant as the height of the structure above the seafloor increases. 
; oe In addition, since these anchors do not have to be dragged to develop holding 
capacity, the installation can generally be accomplished in less time. This is 
> desirable because it reduces the vulnerability to adverse sea and weather - 


7 conditions, the nemesis of ocean construction operations. Uplift-resisting anchors _ 


aS. ‘ 


also permit greater placement accuracy because they can be installed directly 
The holding efficiency of deadweight anchors is not near as great as other 
-uplift- -resisting anchors. Generally, they will be heavy and so may be difficult | } 
to handle. Ref. 1 summarizes the characteristics, advantages, and disadvantages 
Pes Implantment covers the on-site construction of the undersea cable structure. 


g ‘construction operations are unique in two aspects: (1) The work takes 


place from a platform which is in motion; and (2) the structure is usually implanted % 
in a remote location. The site is remote because it — be several hundreds 
of miles from land and, perhaps more importantly, because it is at a depth 3 
'-_ is even more true | for ocean construction than terrestrial operations that 
a the implantment i is a necessity. For without adequate planning, failure _ 
te almost assured. This may be true of all construction projects, but it seems 7 
to be more so with ocean work because the environment seems to exploit any 
weaknesses i in the construction scheme to the project’s detriment. 
When possible, the implantment is subdivided into several independent phases 
which can be _accomplished during daylight "hours. This allows convenient 
preplanned stopping points in case the weather should change for the worse 
and require the operation to cease for a time. Independent phases also permit 
intermediate checkouts of the system and retrieval of a portion of the system 
“a if a failure or some error is determined. For example, the SEACON II structure _ 
implanted in eight independent steps and this _multiphased approach was 
‘one of the major reasons a successful implantment was achieved (7). 
_ All implantments have a limiting sea state beyond which the eneeilion. will 
have to cease. [Sea state refers to roughness of sea surface, and is expressed 
numerically by numbers 0-9, where zero refers to a calm sea and nine to one 
with exceptionally high waves, i. e., 75-ft (23-m) average. ] The limiting sea state 
may be determined by the maximum allowable dynamic tensions — which may 
be developed in the cable, by the capability of personnel ‘to perform » work 
on a deck in dynamic motion, or for some other reason. An important aspect xy 
_ of the implantment planning is making the equipment and agree compatible | 
with a reasonable sea state. Sea operations, when possible, are planned for 
‘that time of year which maximizes the likelihood of good weather, i.e., the 
 Soeuthne window.”’ However, a good plan provides contingencies for a ve 


sté 
] 
q | 
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_ weather conditions. Most of these implantment operations are usually limited © 

) sea States less than three or four. 
a In general, a single- -vessel operation is desired to minimize the problems of — 
communications and coordination inherent in multivessel operations. In addition, 
good design practice minimizes the amount of at-sea work—preassembly is 
emphasized. Generally, any task will take henager to complete if done at sea, 
and the ‘quality will normally decrease as the weather increases. a 


- Flexibility i in the sea operations plan is a necessity. The oan sata approach 
_ provides flexibility in response to operational problems and weather changes. — 
_ Alternate courses of action are addressed in the deployment plan in order to 
ploy P 
minimize ; the need for improvisation at sea. a ‘Last } minute’ ” changes should 


Implantment testing and checkout, as 1s well a as monitoring of the system 


should be done ‘continuously during implantment, ‘if if not, 
least during the more critical stages. Monitoring the cable tensions can avoid 


go undetected until a more developed sea has been reached. 


4 


Training is another important aspect of the implantment process. The extent 
and scope of training will vary depending upon the complexity of the structure 
and implantment procedure, but may often include sea trials or the trial 


_implantment of certain components, 
_ The implantment scheme should minimize the risk of damage to the cable 


"structure with the implantment plan providing the road map for a safe and — 


successful operation. Development of the plan should be a team effort; engineers, 
riggers, and crewmen all should have an opportunity to contribute. This has” = 


Proven to be a successful format. _ sor 
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he = current velocity = = vector difference between the fluid and component : 
fluid particle acceleration = vector éifference between. fluid and 
= characteristic volume; and = 


mass density of the fluid. 


om 


Wak 


= 


Forces on ON § 


The purpose of this paper is to provide an introductory review for structural 
engineers of the environmental sources and characteristics of the descriptive 
methods presently available for computing the deterministic loads applied to 

"i sea- -based structures. . Most attention is focused on the fluid transmitted loadings. 
Three types of loads \ which a are not transmitted by fluid pressure fluctuations — 


. Geotechnical forces: Loads transmitted to a bottom-fixed structure by 


motion of the sea floor. Large vertical or lateral structural motions beneath — 
_ the mudline may be caused by actions such as seismic events, internal a 
tal 


3 storm waves in shallow water, slope « destabilization | following extensive erosion - 
or scour, and geothermal or other types of subsidence. In the case of seismic 
loads, it is usually the stiffer structures in relatively shallow water with relatively . 

higher natural frequencies (>0.5 Hz) which are more susceptible to damage. 

a For deeper-water structures or platforms, or both, with smaller lateral motion ie 

; restraints, earthquake loads a1 are usually of secondary interest. Ina seismic analysis y 
- (quasistatic or dynamic) one must include the effects of both added mass and 
_ hydrodynamic damping on the structural motions, as these two parameters 
significantly affect the structural m mass and damping matrices such that lower > 


2. Surface forces: Loads __2. Surface forces: Loads applied to structural components on or above the the — 
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For compliant floating platforms, the wind loading may lead to critical conditions 
either by wind heeling or by overstressing of the mooring lines. Loadings due 
to floating sea ice are severe and will usually govern a design of a —e 
structure if they are anticipated. In shallow water, bottom  cataned may be 
>, ‘Subjected to the i ice scour if thick i ice or seberge are present. { 


during implantation of the or during ‘normal operation of on- n-board 
< components. Installational loads need to be considered carefully in that the 
_ primary designs may have been based on a certain configuration of the structure _ 
or on loads which may not be present during implantation, e.g., buoyancy loads" 
to counteract dead weight and point loads. One operational characteristic to __ 
be considered is the effect of marine fouling over the lifetime of immersed a. 
structural components. In addition to corrosive action, marine fouling also will 
increase the size and roughness of ‘Structural members with regard to hydrodyna- © 


In the following sections, we will c der various aspects of deterministic 
a) hydrodynamic loads on structures. These dynamic loads, or their quasistatic 
som a simulators, are due to pressure fluctuations normal to immersed surfaces which a 4 
are caused by the relative motion between the fluid medium and the structure. a 
These loads are to be added to the hydrostatic and to the buoyancy loads. By 
The buoyancy force on a structure is a surface-directed force equal to the 
product of the immersed volume and the in-situ water density. 
i _ The deterministic hydrodynamic loads to be considered are those due to waves = 
and currents. Current effects are important mainly as a velocity vector addition 
to the wave velocity vector. Current velocities are the principal source of loads — 4 
for pipelines. Wave forces are due to the penance and velocities of water 


from the free surface. Wave theories for the prediction of water particle velocities > 
the design of sea- -based_ structures, one must consider both normal and 
r extreme loading conditions. Predictions of sea states ate made either by extrapo- 
lating tabulated site data or by using historical weather data as input to calibrated 4 
_ computer simulators. Normal conditions are those sea states regularly expected o 3) 
over the structural lifetime. Both the expected storm and normal wave conditions _ 
will lead to a large number of cycles of structural response and will oni 
fatigue analysis. This condition may control the design for monolithic or jacketed 
structures i in severe wave environment locations. For normal condition cases, 
linear frequency domain analyses are indicated because of the broad frequency 
7 _ Extreme load conditions are those rare events which 4 are expected during 
_ the lifetime of the structure due to intense sea states or storm surges. A nonlinear _ 
¥. time-domain analysis is indicated for compliant structures both to simulate the .4 
_ drag forces in the extreme load case and to account for greater energy absorption 4 
in the nonlinear structural response. In the selection of the extreme sea states 
design purposes, the designer should examine less severe sea states. 
which spikes in the wave energy spectra may coincide with the fundamental 


| 7 
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higher normal modal of the structure. dui fte 
a Probabilistic analysis of the wave climate is important in the study of ohn ; 
the normal and the extreme wave cases. In the extreme wave case, probability _ 
ie analyses are used to select the ‘‘design’’ wave (15,44). In a spectral analysis: 
for the normal case, random wave systems are considered and a probabilistic 
analysis of the resulting load i is carried out (28,47). 
Hypropynamic Action on Comeuiant Smatt Structures 
A semi-intuitive equation was introduced by Morison, et al. (39) to compute 
_ wave forces on immersed objects having characteristic dimensions which are 
small compared to the wavelength of the incident wave. This equation hi has 2 
7 been extended to 3-dimensional analyses | of arbitrarily oriented members of _ 


_ The Morison equation in vectorformis 

in which F = hydrodynamic force per unit onal length acting normal to the 
es of the member; Fy, = drag force; and F, = inertia force. The drag force : 


term ga unit length is taken (as in dis case of steady unidirectional flow) | 


= component of fluid vector to the member axis; and 

component of member velocity vector normal to the member axis. Note 
the nonlinear dependence on velocity. Drag forces are predominantly due 

separations of the velocity field as it passesthe member, = 

_ The linear inertia force vector per unit length is due to the pressure gradient — 

with the relative acceleration of the ‘member and fluid is 


in which A = cross-sectional area of the n member; C,, = dimensionless added 
component of the total fluid acceleration vector normal 7 


coefficient; a, = 
to the member axis; and a’ = component of the member acceleration vector — 


normal to the member axis. Although fluid acceleration a, denotes the total — 4 


acceleration, the convective part is usually ‘small compared to the wort 
= 1 


- acceleration and may usually be neglected. Often inertia coefficient C,, 
_ + C,, is reported rather than added mass coefficient C,,, 
_ In wave action, the velocity and acceleration vectors are generally not collinear 
and, therefore, the drag, F,,, and the inertia, F,, forces act in different directions. 
_ The 3-dimensional form given above assumes that the drag and inertia forces 
a are independent and that the * ‘strip theory”’ principle applies: viz., the forces 
are based on normal components of velocity and acceleration. The generally 
accepted limit (36) of member size for applications of the Morison equation 


“ 


normal to the incident velocity vector called the lift force. It is due to ae 

formation of eddies which are shed alternatively on each side of the member 


a in which c. = dimensionless lift coefficient. The lift force and its potential 
dynamic instabilities will be considered subsequently. rp 
The use of the Morison equation requires an estimation of drag, C, and 
added mass C,,, coefficients and an estimation from a wave theory of the fluid 
_ velocity and acceleration fields. These estimations will be considered subsequent- 
- Effects of Current on Wave Forces.—In the evaluation of fluid forces acting 
on offshore structures, it is necessary to consider the effects of currents as : 
well as waves. Currents can have a rather significant effect on the > total aa 
hydrodynamic loads and, therefore, “should be ‘accounted for properly. 
_ Currents may be classified into three major subdivision: (1) Those caused 
by density differences; (2) those caused by tides; and (3) those caused by wind. - 
= However, density currents are normally not significant i in the design of offshore 
s 


_ significant. Current profiles developed by tides tend to have boundary layer 
type velocity profiles. Probably the most common representation of the fully 
developed current is the profile first described by Prandtl 

“a _ Wind generated currents are presumably nearly always present | during s storm 
conditions and are normally the major source of current present. Wind currents 
caused by wind shear tend to have their greatest magnitude at the free surface 
where the wave forces also tend to be greatest and decrease with depth 
r Reid (43) developed wind generated current profiles based on Prandtl’s mixing 
length: concept. The mixing lengths were assumed to increase with "distance 
= both the bottom and the free surface, resulting in current profiles which 
are dependent on the surface and bottom shear stress. Various other models 
_ have been developed to predict the nearshore currents due to extreme winds — 
= s hurricanes (41). In particular, a 3-dimensional, time-dependent current model — ¥ 

> developed by Forristall (14) represents hurricane-generated currents quite well. * 


The magnitude of the design current and its direction having been specified, 
- itis necessary to include this component of velocity in the wave force calculations. ' 
It has been common practice to simply add the current-induced velocity to : 
the wave-induced velocity before squaring the result in the drag term in the 
Morison equation rather than sum the separately computed drag forces. If drag 
forces due to wave velocity and current velocity are computed separately and 


the resulting forces summed, the total force is in error on the low side. Thus, 


it is important that the current-induced velocity be added vectorially to the 


o is d/L = 0.2, in which L = the wave length of the incident wave. _ 
g 
| 7 
5 


i 1045, 

4 Assuming that both the wave amplitude and the current magnitude are small, — 
~ the concept of superposition as described above is valid. _ The two components — 

4 act independently and may be simply ; superimposed. However, this ope 
is strictly valid only for small waves and currents so that only the magnitude — 
E of the interaction process is of interest. Dalrymple (6,7) has carried out a numerical 
investigation of the nonlinear interaction of shear currents and waves. His 
- numerical results indicate that the nonlinear interaction effect is rather mi 

for typical practical applications. ‘The error resulting from the superposit 
; of the wave and current magnitudes tends to be somewhat greater at the wave 
7 trough than crest, but this is not of much practical importance because = 
| sz component is greatest at the crest. As a general conclusion, it appears 2 
- that the nonlinear interaction effect of beach current and wave motion is of minor — 


more complicated alternative methods for modeling 


_ ‘Impact. or wave slamming loads can occur on members of a structure located 


‘normally not used to design the complete structure but rather to check the 

design of critical members or parts of the structure near the free surface which 

are subjected to wave slamming. Typically, damage occurs because of repeated 
wave slamming ona given member, and, , therefore, these wave slamming 


in the splash zone. As a horizontal member with axis parallel to the wave 


crest passes in and out of the water surface, the buoyant force rapidly varies 
between zero and its fully submerged value. At the same time, an impact load 
occurs due to . water entry « of the member. Repeated loading of this type can can 
poery’ in fatigue damage and eventual failure of the member, 2 
The most complete formula for the force ona member was” given 
Kaplan and Silbert (30) as ial Baxi? of 
F = pgd,+ pA,i+— 
_ in which p = mass density of water; A , = time-dependent immersed cross-sectional 
area of the member; g = acceleration of gravity; = vertical acceleration 
of the water surface; = vertical velocity « of the water surface; m; = the = 
vertical added mass coefficient which is appropriate to the immersed or semi- im- ; 
_ mersed cylinder at the _ surface; rere w= = the vertical velocity of the member. _ 


impact loading and varying buoyancy forces acting on horizontal members 


proposed an Ac the wave slamming force, i.e.: 


F=—pA 


| 
q 
err 
ett 
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. 


= in which A = projected area normal to plane ath of wave impact; U = local | wave 


particle velocity; and C, = dimensionless slam coefficient. Experimental values 


for C, show considerable scatter with values ranging between land5. —__ 
of the impulsive nature of the loading and of the elastic properties 
of the member, the resulting stresses in the member must be computed through 
application of a dynamic/elastic analysis which takes into consideration the 
mass distribution and the end connections of the member. The integration of ; 
the equations describing this sytem results in a stress history versus time during 


THEORY For Lancer Structures 


‘The Morison equation represents a simple procedure for computing | 


— loads on cylindrical members of offshore platforms whose diameters are less — 7 


than about 0.2Z in which L = the wavelength. For caissons or other large 


fundamental approach to the evaluation of the wave loading. A procedure which 
may be applied to bodies of arbitrary / shape and which m may be used to compute 


displacement components of a structure, it is necessary to apply a 


_ all components of forces and moments is often referred to as “diffraction theory”’ 


In the linear diffraction theory, the fluid is assumed to be incompressible 


and inviscid; and a linear wave is assumed to interact with the immersed surface ‘ 


of the structure. This interaction gives rise to a “scattered wave so that the e 

- total wave potential may be represented by a linear sum of the incident and — 
‘The hydrodynamic wave-induced pressure acting on the immersed surface 
of the structure is computed by a linearized form of the Bernoulli equation. 
The net t forces and moments are by integration of the over 


force) are sometimes identified. The first contribution to ‘the net results 
from the pressure component associated with the incident wave alone and is 
_ called the Froude-Krylov force. A second component is due to the diffraction 
of the incident wave which is caused by the presence of the structure. For 
a consideration of the application of the diffraction theory | based on the distributed 
source method to fixed bodies (see Refs. 17, 18, 22,27). ath 
Yue, et al. (53) have developed a procedure based on a hybrid finite element 
_ procedure which also appears to be a promising method for practical epptcotion 
_ Although the numerical diffraction theory as applied to offshore structures: — 
has been in common usage for only a few years, the recent interest in ‘North > 
‘sea gravity y platforms’ has given considerable impetus to its development and a 
acceptance for practical design. There are currently several examples which 
: show excellent agreement between predictions and large-scale wave channel 
tests of both simple geometric shapes (27) and models of actual designs of 
offshore gravity structures (18, 22). In the case of the coheutetians presented Z 
with a a superstructure composed of smaller. diameter This procedure 
_ described for the first time a method in which the loads on the caisson are 
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computed by 1 use of : a diffraction analysis and the loads on the superstructure 
- _ Limitations of Linear Diffraction Theory.— While the linear diffraction theory _ 

« has proved to be useful well beyond its original expectations, there are, of + 
course, limitations which must be taken into consideration in applications. Firstly, 7 - 
the analysis is based on linear wave theory. Consequently, as the wave height 
increases, a point will eventually be reached where the theory will no longer 

_ give satisfactory results. Arctic gravity platforms and ship loader caissons (2) 
; represent examples where nonlinear effects tend to become pronounced. bh 


= these examples, caissons are placed in rather shallow water and are acted upon 4 
ns by fairly large-amplitude design waves. Secondly, in shallow water, the nonlin- ) 

= earities in the incident wave itself tend to be pronounced, and these nonlinearities’ 
P 7 are reflected in the wave loads on the caisson. In cases where the incident - : 


wave is nonlinear, the linear diffraction analysis underpredicts the force and, 
_ therefore, is nonconservative. Thus, it is necessary to establish the limits of 
_ Available data which can be used to indicate the limits of linear diffraction 
analysis are not extensive. However, available data (2,19,24,27) indicate that, 
in general, when the water depth to wave length ratio becomes less than about — 7 
0. 04, amir effects i in the the v wave loads begin to > become apparent. Because a 


effects: to be less pronounced on deeply submerged caissons than on 
surface-piercing caissons. In the case of surface-piercing caissons where the | 
nonlinear effects tend to be most pronounced, the loads can become substantially 
_ greater than predicted by the linear theory as noted by Apelt and McKnight 
(2) in the case of the ship loader caisson. 
4 Presently, only linear diffraction analysis is commonly used in practice. a 
few attempts to develop nonlinear analyses have been made (4,20,29), but the ne 
value of such nonlinear analyses is uncertain at present. For this reason, when 
- nonlinear effects become significant, the present state-of-the-art dictates that | 
a properly designed model test should be conducted to evaluate the wave loads. 
_ In most model tests of f large displacement caissons where drag or other viscous ous 4 ; 
effects are expected to be minor, geometric and Froude scaling is appropriate. _ 
_ The deterministic method of wave force calculation is commonly used as 
a primary basis for design, particularly when nonlinear effects associated with _ 
the drag force in the Morison equation are important. Such a procedure generally _ 
involves the ‘‘design wave’’ concept wherein a periodic wave of prescribed __ 
; wave height, H, and wave period, 7, propagating in water of constant depth, 
hy, is applied to the structure. The design wave will be of finite amplitude. 77 
Therefore, it is appropriate to apply some nonlinear wave theory in order to _ 
compute the wave kinematics required for subsequent use in computing the 
hydrodynamic force on the members of the structure. 
— omeauc a number of wave theories which could be used in design. nd 


Consequently, those theories which give the most realistic representation of 


a validity for that wave theory are of practical inter interest to the to the designer. “at re & 


= 


i 
i 
i 
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> theories; and (2) numerical theories. The analytical theories result i in closed-form 

“or for the various physical wave parameters of interest. The numerical _ 
theories rely on some type of numerical iteration procedure in order to compute 

- numerical values for certain coefficients required in the theory. The numerical — 
theories usually require the use of a properly designed computer program and _ 
possibly some judgment on the part of the user to obtain valid results. However, a 
in the case of the numerical Stream Function Wave Theory, Dean (11) has 

developed tables to facilitate applications, 
, In general, a periodic gravity wave may be specified by the design parameters 

of wave period, 7, mean water depth, h, and wave height, H. The wave height, 
H, is defined as the vertical elevation difference between the wave trough and 

7 crest. For purposes of specifying | the characteristics o! of waves, these three — 

_ independent physical quantities may be arranged into two dimensionless groups: 

omar) and H/(gT’), in which g = the acceleration of gravity. However, 
i is common to disregard the gravitational constant, g, and to use the dimensional 
forms, h/T? and H/T’, which have units (of f either feet per second per st second a 

_ The Stokes’ wave theories (48) provide valid solutions in deep water, i.e., 

ASL > 0.5. For values of h/T” less than about 0.5 ft/sec? (0.15 m/s’), the 

upper limit for H/T? at which a valid solution may be realized decreases > 

h/T° decreases. Unfortunately, ‘the limiting value of H/T’ for a given value 

of h/T? < 0.5 ft/sec’ (0.15 m/s’) is not known with any degree of F accuracy. = 

However, judging from the free surface boundary condition errors plotted by 

Dean (10), it appears that for Stokes’ fifth-order w wave theory at h/T’ = 0.5 

ft/sec* (0.15 m/s’), the limit on H/T* might be as low as 0.04 ft/sec’ (0. O12 . 

m/s’). In contrast, for A/T? = 10 ft/sec? (0.3 m/s’), the value of H/T 

may extend tend up to the breaking condition of about H/T’ = 0.8 ft/sec* ©. aA - 

_ The newer cnoidal wave theories of Laitone (33) and Chappelear (5) are 

_ mathematically rigorous, being based on the perturbation expansion developed ab 

: by Friedrichs (16). However, these solutions suffer the same difficulty as Stokes’ ne 
wave theory. _As the wave height (or H/T’) becomes large, the series diverge. 

- While valid results may be obtained at small values of H/T” (in the case of 
cnoidal wave theory H/h is more € appropriate), the limiting value has not been 

7 established, and, therefore, the use of such theories tends to be hazardous. 

§ In the experimental data presented by LeMehauté, et al. (35), and by Tsuchiya © 


and Yamaguchi (50), the cnoidal theories, in a Saree’ to — 


- that McCowan’s solitary wave theory tends to overpredict the velocities under “ 
the crests for h/T” greater than 0.06 ft/sec* (0.018 m/s? ) and, therefore, should 
be limited to applications in which h/T? is less than 0.06 ft/sec” (0.018 m/s’). ; 
* The Dean Stream Function Wave Theory (9) has demonstrated as good or 
better agreement with experimental wave channel tests results when compared - 
™ other wave theories over a wide range of h/T°; i.e. i.e., 0.043 ft /sec’-0.436 


| 
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013 ~0.13 m/s’). It, therefore, | appears to represent most 
“appropriate wave theory for engineering applications. The other numerical v wave 
theories of Chappelear (5) ‘and Lambrakos and Brannon (34) are presumed to 
% give results equivalent to the Stream Function Wave Theory, but ie . 
extensive calculations have not been presented in the literature. Ale 
be The correct values of the drag oe inertia coefficients t to a in the Morison 
_ equation for the design of offshore structures has been a topic of considerable 
interest and discussion for nearly three decades. Many experiments have been 
, conducted during this period but with limited success. Test results have frequently 
shown rather ¢ extreme ‘Scatter leaving | the designer i in the unfortunate position 
| less than the general range of reported values. Thus, at ‘the oad time, the 
_ State of knowledge remains incomplete. There are, however, certain trends and 
conclusions which may be drawn from the results of tests conducted to date — 
and which should be considered in arriving at appropriate design values. 
ab Effects of Reynolds Number and Surface Roughness.—It is generally understood b- 
that the drag and inertia coefficients in wave-induced motion are dependent 
on both the Reynolds number and surface roughness, inter alios. The influence __ ; 
of these two parameters on drag in steady flow has been fairly well- a 
(a, 38,43,49). In general, the drag coefficient for smooth cylinders in steady 
flow tends to remain a constant equal to 1.2 in the Reynolds number interval — 
from 2 x 10° to 1 x 10°. The value then {decreases to a ‘minimum value of 
: 0. 2-0.3 near a Reynolds number | of 6 x 10°. Beyond this minimum point, the __ 
; drag coefficient increases again to a new constant value of about 0.6 in the 
- supercritical range above a Reynolds number of about 3 x 10°. This variation 
of the drag coefficient with Reynolds number corresponding to steady flow _ 
z past a smooth circular cylinder is not given here because it it has been widely © 
reproduced in the references previously cited. 
- The notion of a “‘smooth cylinder’ in wave force c calculations for chen 
_ structures is essentially only academic because all members have some roughness ~ 
even in the initially installed state. With the passage of time, marine growth © 
(38) adds to this natural roughness, and in parts of the structure near the a 
_ the marine growth can become fairly thick. In design it is appropriate to estimate 
the thickness of the marine growth | and to add this: thickness to the Tadius — 
of the member. In addition, a reasonable value for the relative roughness, e e. ge i 
k/d = 0.2, should be considered in selecting the hydrodynamic coefficients. - 
_ The effect of roughness on the drag coefficient in steady flow as determined © 
from systematic tests is generally twofold: (1) The minimum value and the 
subsequent rise to a new constant value of the drag curve (which is referred 
to as supercritical flow) occurs at lower values of the Reynolds number; and : 
(2) the value of the drag coefficient is generally higher than that corresponding q 
to smooth cylinder conditions. Since the supercritical flow regime is reached a 
at much smaller values of the Reynolds number in the case of rough ae 


it is generally only necessary to consider the supercritica al values 


| 
that Ost cases actic interest lie in t sunercritic ow gime. Thus, 
of the drag 


the twofold effects of roughness considered only steady flow past soughened 
cylinders. Oscillatory motion as induced by waves tends to cause the wake > 
of the previous half-cycle of the motion to become the oncoming flow for 
‘the next half-cycle of motion. This kind of wake interaction has not been — 
systematically studied in wave-induced motions, but it is apparent from systematic 
tests in simple rectilinear oscillatory flow (21,42,46,52) that the effect of the 
wake is primarily characterized by ratio 2a/d. This dimensionless parameter 
‘is equal to the Keulegan-Carpenter number divided by wm and is referred to — 
herein a as the ‘displacement ratio” in which a = amplitude of the motion and 


_ The effect of the wake a oscillatory flow appears to manifest itself in two . 

. When 2a/d is large (greater than about five for the case of smooth cylinders a 
- possibly 10 for the case of fairly rough cylinders), the primary effect appears - 
to be that the excess turbulence created by the previous half-cycle (or cycles) 
results in transition to supercritical flow at reduced values of the Reynolds 
number as compared to steady flow. However, the value of the supercritical — 
drag coefficient is ‘not affected by | the increased “free stream aes and : 


- pie ds. of C, with the Reynolds number is is fairly large in the subcritical and 
transcritical regimes. Then, at supercritical Reynolds numbers, the drag coefficient — 
becomes constant at values greater than those corresponding to steady flow ‘ 
at equal relative roughness. This increased drag coefficient at supercritical 
Reynolds numbers is apparently caused by the increased relative velocity (of 

the water over the cylinder which results from the velocity defect in the wake _ 


produced in the previous half-cycle. 


a 
‘ 


» 


_ by Sarpkaya (46), duns similar tests by others using smooth cylinders sited 

also been performed. His results suggest that the wake has very little effect 

in the case of smooth, supercritical conditions but has an increasing effect — 

as the roughness is increased. The increase in the effect of the wake with 

> -jaoreasing roughness is to be expected, however, because the magnitude of 
the velocity defect in the wake must increase with the drag. This may be verified _ 
from momentum considerations (23). Thus, the interaction effect between the 

roughness and displacement ratio indicated by the data is to be expected (viz., 
increasing wake effect with increasing roughness), 
The surprising aspect of the oscillatory flow data obtained is not its general 
trends but the actual magnitudes. The oscillatory flow data of Sarpkaya (46) 
indicates very large values of the drag coefficient in 1 general. What is even 
more disturbing is that his values for C, do not appear to approach the steady 
_ flow curve as 2a/d becomes very large. These aspects of the Sarpkaya data, - 
~ which appear contrary to the expectations and conclusions by others (meager _ 
hehe other data Gata ‘may — lead to the conclusion that the Sarpkaya re ocean 4 
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may not bes directly applicable to wave force calculations. A possible = 
for the large drag coefficients obtained from these tests conducted in an oscillatory _ 
water tunnel, as compared to that expected in free surface fluids, is that the 
— water tunnel walls hindered the momentum transport mechanism — 
_ occurs in wake flows by restricting the influx of water. This allowed the wake | 
to persist much longer than it otherwise would and, therefore, interact more 
i intensely with the cylinder on flow reversals . This, of « course, , would result — 
in an exaggerated increase in the ‘drag force resulting from the interaction of 
_ There are little data available to discount the high values of C » Obtained - 
by Sarpkaya for the case of rough cylinders. However, the available data suggest 
that the drag in oscillatory flow does converge fairly rapidly to steady flow 
values as 2a/d increases. The limited oscillatory flow test results reported by 
- others (21,42,45,52) are lower than the results reported by Sarpkaya, and they 
| a suggest rather rapid convergence to the steady flow curve as 2a/d increases. 
In addition, the data corresponding to smooth cylinder conditions are all slightly | 
lower than the Sarpkaya data for high Reynolds numbers. It is suspected that 
_ the higher blockage ratio (tunnel width/cylinder diameter) in these other tests 
; compared to the Sarpkaya tests means that the wake blockage effect was resell 


nearly so critical to their results (23). an ad 
4 Dependence of Inertia Coefficient on Displacement Ratio, Reynolds Number, 
and Surface Roughness.—Except for the systematic rectilinear harmonic flow 
_ studies of Garrison, et al. (21), Yamamoto and Nath (52), and Sarpkaya (46), 
there are very little good quality data for the inertia coefficient (C, = |» 5 | 
_C,,) to use in the design of offshore structures. The state-of-the-art data (for — 
_ both C,, and C,,) for use in space-frame structures are that obtained primarily _ 
_ from various offshore test piles, and in particular, the results from Wave Force 
Projects I and II (12,13,51) as well as results from more recent tests (25,26,31). 
These data tend to be somewhat drag dominated. For this reason, the inertia _ 
_- coefficient i is ¢ determined in such cases with less precision than the drag coefficient. 
All of these | data show significant scatter in both coefficients, but primarily 
in the inertia coefficient. However, space-frame structures tend to result in | 
_ drag-dominated load so that the value of the inertia coefficient is much less — 
important than is the value of the drag coefficient to the accuracy of the calculation. 
_ From analysis of the Wave-Force Projects I and II, Dean and Aagaard (12) 
recommended a value of 1.33 for the ‘‘in-line’’ inertia coefficient except for 
large diameter members. Wheeler (51) analyzed these same data and recommended 
a design inertia coefficient of 1.5. Evans (13) found a value of 1.2 for these 
. data but felt that a value of 1.5 would be more appropriate for a 
_ Evans recommended a value of 1. 7 for the higher waves. In the test results 


transducers with a smooth surface when initially installed. hate 
_ _ The range of these reported value extends from 1.2-1.7, and, therefore, 2 a 
design value of 1.5 appears to be a reasonable choice for noninertia- dominated — 
SS forces. When 2a/d becomes small (small water particle orbital paths — 
large diameter members), it is well known that the it inertia | Cy 
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or displacement ratio. While it is generally to 

account for such effects in any precise manner, a general notion of the effects 

,* of the important parameters is desirable as a guide for selecting — values 
Here, as in the case of the drag coefficient, systematic tests have | an been 
conducted ‘in wave- ‘induced motion. lt ‘is, therefore, appropriate toc 


_ order to gain insight into the effects of vn Prose and the wake. In the case ea 
of rough cylinders, constant values of C,, are reached at fairly small values 
of the Reyactés number so the supercritical values of C ,, are generally appropriate 7 
for design. In the inertia coefficient data of Sarpkaya (46), just as in his drag 7 
coefficient data, the effect of the wake, as characterized 1 by the Coord 
2a/d is enhanced as the relative roughness (and, thus, the ° velocity defect in 7 
the wake of a previous half cycle) is increased. In general, the Sarpkaya — 
appear to indicate higher values of C,, than the data of other similar tests 
4 (21,52). As previously mentioned, a possible reason for these elevated oa 
_is the wake-blockage mechanism. While the direct application of these values" 
s the inertia coefficient to wave-induced motion may be questionable, the — 
trends are useful for judging the effects on the inertia coefficient of oe 
When water flows small member of an offshore structure, 
vortices “resulting from the vorticity generated in the boundary layer tend to 


roll up and are alternately shed from each side of the member. The vortices a 


shed from the two sides rotate in opposite directions and move downstream 
- from the member forming a wake which is called a Karman vortex anes. - 
Because of the unsteadiness of this type | of flow and as a result of the discrete __ 
vortex shedding (even though the oncoming flow may be steady), oscillatory 
forces are induced on the member. If, in addition, it occurs that the cer 
_ frequency of the member in water is near to the frequency of the exciting 
_ force and the damping is not too large, then rather severe oscillations of the __ 
member may ensue. In cases where the current speeds or typical wave- -induced 
velocities are such as to produce sustained resonance of a given member, ‘fatiguing 
of the member will tend to result. sy 
_ In complex space-frame type structures, it is unlikely t that such vortex excited _ 
oscillations could affect the response of the complete structure. Variations in 
member sizes and orientations and in the water velocities give rise to different 
vortex shedding frequencies. Consequently, the € forcing function for all members, 
even all major members, would most likely never act in concert. in Vhshe c 
_ Vortex Shedding from Stationary Cylinder.—The frequency of vortex x shedding, 
pe , and the excitation force produced is characterized by the dimensionless — 
Strouhal number defined as S = f, d/ V in which V and d = the flow velocity ¥ 
a The Strouhal number, as well as the drag coefficient of the member, depend: 
on the Reynolds number, R = Vd/v, i in which v = the kinematic fluid viscosity, A 
and on the relative roughness of the surface of the member, k/d, in which -_ 


| 
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cylinders. In the Reynolds 1 number interval 1 x 10°< R <2 x 10°, the shedding 
is regular and distinct. In this interval, the value of S is nearly constant << 
“e* equal to about 0.2. In the transition Reynolds number region, the Strouhal number 
_ seems to increase as C,, decreases and to then decrease again to an asymptotic “ 
value at high Reynolds number as C, increases to its asymptotic value. In 
the transition region (5 10° < 3 x 10°), the vortices tend to be = 
a weaker than in the subcritical range, and it is difficult to define a definite 


Vortex Shedding and Response of Flexible Members.—In dealing with flexible 
a members, as opposed to stationary ones, two parameters in addition to the ri 
: Wir Strouhal number which characterizes the dynamics of the member must be F 


b used in describing the vortex shedding phenomenon: (1) The ‘ ‘reduced velocity,” c 
oe _ defined as V/f, d(f, = the natural frequency of the member) characterizes _ 3 
iS ‘the tuning of the member; and (2) the “‘stability parameter,” defined as K, 
= 2m -b/pd* (m, = the equivalent mass /unit length; 8 = the logarithmic 
os decrement; and p = the mass density of the fluid). This stability parameter ts 
AB results from an energy balance at resonance. It is believed that the reduced 
amplitude of oscillatory response (Y,/d, in which Y, = = ther response amplitude) 
may be defined for members of marine structures in terms of both the reduced __ 
and the stability parameter (32), 
If the cylinder or member of an offshore structure is flexible, interactions" 
_ may occur between the vortex shedding mechanism and the dynamic response a 
_ of the member. As the flow velocity is increased from zero, €. g.. the frequency — | 
= => 
of vortex shedding, which i is given by f, = V(S/d), also increases. If conditions nis 
are right as the vortex shedding frequency approaches the natural frequency : 
‘ld the member (f, = /,), the member will begin to oscillate at its natural ‘a | 
_ frequency. The vortex shedding tends to “‘lock-in’’ to the member natural 4 
_ frequency at this point and remains ennatens at that frequency over a range a 
of velocity which is referred to as the “synchronization range.”’ The length 
me J g of the synchronization r: range is dependent on the damping. For highly damped — 
& _ systems, lock-in will not occur at all; but for very lightly damped systems, © 
this lock-in range can be very extensive. As the flow velocity is creased 
x still further, the frequency remains constant until a point is reached at which 
- the large amplitude motion ceases and the vortex shedding reverts to the frequency 


associated with ‘Stationary cylinder. In the region, the 
Vortex Shedding in Wave-Induced Motion.—The aforementioned | analysis is 
related to steady flow” ‘past cylinders such as is due to currents. When the 
‘motion of the fluid is oscillatory, as induced by waves, the mechanism of i" 
vortex formation and shedding is more and the 
Bidde (3) has made a laboratory study of the lateral (or lift) 
ona stationary, vertical test pile. The results of the rather small scale laboratory — 


magnitude of the force is dependent on the number. At 


_ of the longitudinal force and appears to be greatest at a Keulegan-Carpenter = 
number of about 15 (or an amplitude ratio of about five). However, studies — JZ 


values. of R less than 2 x 10°, the lift coefficient C, in Eq. 4 appears to 
_ approach a constant value independent of the Reynolds number in a manner _ 
very much similar to that observed in steady flow. 
_ The primary difference between oscillatory (wave-induced) motion past ._ 
cylinder and steady flow is the effect of the wake from the previous half cycle 

of the motion interacting with the cylinder (23). This, of course, tends to be 
“most pronounced when the displacement amplitude ratio is small; when the a 
displacement ratio becomes large, the vortices shed from the previous half cycle 
have time to dissipate before flow reversal. Both Bidde (3) and Sarpkaya (46) | 
indicate that no vortices are shed when the displacement ratio, 2a/d (in _ 
a = the amplitude of the water motion), is less than about unity, Sarpkaya 
(46) also reports that the shedding frequency is dependent on the _Keulegan- — 
Carpenter number (or 27a/d) . and on the . Reynolds number; but, for rough — 
_ cylinders, the Strouhal number remains constant at about 0.22, which is the 


Deterministic forces on small cylindrical members should be 
computed by the Morison equation (Eq. 1) when the member diameter to 
_ wavelength ratio is less than approximately 0.2. Current-induced velocities should 
be added vectorially to the wave-induced velocities before squaring the sum 
to compute the drag force component. Impact loads should be computed for 
members subjected to wave-slamming conditions near the free surface. = 
_ For caissons or other large displacement members, deterministic hydrodynamic 
_ wave forces should be computed by a diffraction theory which accounts for 
the scattering of the incident wave by the structure. Either an analytical or 
a numerical wave theory should be selected based on realistic limits of the 
validity of the theory for the specified design wave conditions. Hydrodynamic 
force coefficients should be selected based on their dependence upon Reynolds ; 
number = Vd/v, relative roughness = k/d, and Keulegan- ~Carpenter number — 
= VT/d or relative amplitude parameter = 2a/d. 
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following are used in this Paper: 


cross-sectional area of member; 


component of member acceleration vector normal to member 
, = dimensionless drag coefficient; The 


m 


= vortex shedding 


surface roughness heights; 
wavelength; 
vertical added mass wave- -slamming coefficient; 
number; 


Ane th we v vertical velocity component of member; 


vertical velocity of water surface; 
vertical acceleration of water surface; ‘ 


fluid viscosity; and 


a 
q 
A, ional area of 
F = normal hydrodynamic fo 
+= inertia component of for 
Vd/v) = 
U,, = component of fluid velocity vector normal to member axis; 
normal to member 
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= — 


ai 


ted 


Sole wall» 


of awd ea structures wre givea with. 


aie 


> - The 1969 discovery of the Ekofisk oil field i in the North Sea mest the enh 
of the development of concrete offshore oil platforms. The first such gravity 
platform is the Ekofisk oil storage tank. Now there are 20 offshore concrete 
gravity platforms in ‘operation or under construction in dif different parts of ~4 
world (32). Table 1 (16) lists the 14 fixed concrete gravity ; platforms contracted | 
for the North Sea, installed or under construction. Abbreviations are N for | 
; the Norwegian sector and UK for the United Kingdom. Each barrel represents 
7. - Concrete gravity structures, designed to remain on location by virtue of their — 
own weight, offer an attractive e alternative to piled "Steel | template platforms 
3 in hostile waters like the North Sea. There are advantages i in producing structures 
that can be constructed onshore or in sheltered waters, towed semisubmerged 
_ to the offshore location, and then installed in a short time by flooding. Other 
* advantages are the elimination of steel piling, the use of traditional civil engineering 
g labor and methods of highly" skilled welding, less dependence upon 


the high durability of the materials used (5). 

The rapid development of offshore concrete structures has led to a variety | 
P of different designs. Fig. | shows the four designs used thus far in the North 
4 Sea (16). The conductors through which the wells are Gilled are inside one 
the three concrete columns of the Condeep design. |The | conductor tubes. 

in the Sea Tank design are ex exposed, and because of their close proximity to 7 
- one another they appear in the figure as a vertical band beneath the drilling 

_ derrick. Steps in the construction of the Condeep platform are shown in Fig. 2. * 
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With the discovery of oil offshore North America in areas favorable 
to the use of concrete platforms, with the demonstrated success of concrete 


design 
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_ platforms in the North Sea, and with the rapid expansion of knowledge and 
mpertence of the behavior of concrete and concrete structures in the sea, the 
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of fixed offshore ‘concrete structures. Senile, outlines are given with need 
_ q to environmental loads, design principles, design and strength analysis of the © 
4 most important types of shell structures and foundations involved, and highlights | 

of the present American Concrete Institute (Act practice for 
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The principal environment loads are due to waves and wind importance 
are: distribution of breaking waves, distribution of wave ve heights a and | wave periods, — 


ped 


JE, 


ai 
‘FIG. 1. —(a) Condeep ond. Andoc Gravity St and (b) Seatank Seatank Gravity 


wave spectrum evaluation, of RE. impact (seismic) 
_ motions ( 16). The design environmental loads are normally based on aizenmess 

» conditions which have a recurrence period of 100 yr; the design life time of 
structure is usually 20 yr-30 yr, 

> Wave loads on offshore structures are generally predicted by a semi- -empirical 

- approach. The derivatives of a theoretically derived flow potential function — r 
s combined with empirical drag and inertial coefficients to predict wave forces 


ont structural components relativ relative to of the wave. There are two 
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the design wave method and the spectral analysis method. — wear vagy vee 
Wave Loads by Design Wave Method.—This static method has been most 
often used in the past. The loads are re derived from the passage of a single : 
_ regular wave of given height and length past the structure. The most commonly a, 
used wave period for the North Sea is 15 sec. The period to be used should 
that which causes the worst loading on the structure 
- _ This method works fine on piled steel template structures where non-linear 4 
4 
shallow to moderate water ‘depths. For large volume structures. like 
in hallo in Fig. 1, the force is often found to increase continuously with increasing — 
= period, and maximum forces on caisson structures are very sensitive to 
_ the wave period selected. The difficulties of establishing a design criterion have 
not been entirely resolved, but for the: present a 20-sec limit on on wave period 
Wave Loads by Wave Response Spectrum Analysis Method. —Spectral 
has frequently been used to predict maximum wave force responses as an alternate 4 
to the deterministic design wave method. This method has been found to be 


Spectral ‘methods are useful where the dine | loads are small c compared 

to the linear inertial loads. Therefore, a linear relationship exists between wave 

heights and wave force for a given period. Linear analysis _— to offshore 
platforms has been reported by Malhotra and Penzien (23). 


_ If in the spectral analysis method only a few wave aia are scien, 
the problem of choosing a peak “wave period for the spectrum is much the | 
same as in the design wave method. Thus for short-term analysis 
_ consideration must be given to the location of the wave spectrum along the — 
frequency axis. In the long-term prediction of wave ‘distributions and wave-in- | 
duced motions and loads on ships and other floating structures, the problem 
og of choice of periods is largely avoided. The long-term prediction is obtained 
by su summing | up a a great number of short-term statistically stationary conditions, 
= each combined with a specified probability of occurrence. When determining ~ 
_ the transfer function for loads on a large volume structure, the influence of 
the structure on the flow field must be taken into account, e.g., by the — 
of diffraction theory. Numerical methods have been developed by Garrison 


Pree ong Loads. —— force of the wind on an offshore structure is a ‘function 


a strecture. consists of two “components, one to “the wind and one 
perpendicular t to the wind (3). It has the forms: 


= drag coefficient; C, coefficient; of air, 


Por circular cylindrical sirictures annroximate methods bv tiran 
| 
7 
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wind and A = area perpendicular to wind velocity. ‘Values 


+ 
wind perpendicular to the wind direction i is often neglected. 
_ Due to the shear forces with the earth’s surface, the wind velocity is ll 


- constant, but is zero at the surface and increases exponentially to a limiting 
x maximum speed known as the gradient wind. Over water the wind speed at 
any e elevation is yaa by the one-seventh power law meus mite rads af 


in which Ven = the wind speed at a height o of 30 ft (10 m), which is the 


customary elevation for such measurements; z = the desired elevation, either 


states of unfitness Main characteristics 


ULS: ultimate limit state Ultimate load-carrying capacity 7 
| |Rupture or yielding of sections 
Collapse or instability of single member or 


ve collapse. Accidental loss or ov single mem 
limit state that mayr render the st : 
“into a condition wher Progressive failure 
Cumulated effects caused by ‘cyclic or repeated 
: Disintegration caused by cumulated fatigue damage 
SLS: serviceability limit uit state Specifications as regards serviceability or durability 
equili 
Damage caused by ed 
Aspects of durability in the general sense including 


unforeseen amount of maintenance and repair 


in feet or meters; and Ref = the reference height, either 30 ‘ft or 10m, depending. 


The wind effects on all parts of the above-water structure should be calculated. " 
Two kinds of wind speeds are normally « considered: (1) Sustained wind speed, 
which is defined as the average wind speed during the time interval of | a 
: minute; and (2) gust wind speed, which is defined as the average wind speed 4 
during a time interval of 3 sec. The gust factor is that multiplier which must 

_ be used on the sustained wind speed to obtain the gust speed, or the fastest-mile-_ 
‘4 velocity. The average gust factor, Ra . at the 10-m elevation is in the range 
35- 1.45. The variation of gust factor ‘with height is negligible. 
- Structures and components loaded primarily by wind (as opposed to wind 


= and wave), such as pieces of equipment or modules on the platform decks, 


| { 


CONCRETE PLATFORMS 
be for fastest-mile-velocity of re 
at agiven site of 100 yr. For computation of wind forces to be used in conjunction — 
wae: maximum wave force, the 100-yr sustained wind velocity should be used. > 
The ‘American Petroleum Institute (API) (2) provides minimum design guidance ~ _ 
for wind loading. An extensive investigation of wind forces on structures may ae 
o Current Forces.—Two major components of the current are considered: tidal 
current and wind driven current. It is generally accepted that the wind driven 5 
pre ra at the still water surface may be taken as 1% of the sustained wind 
Ps, “speed at 30 ft (10 m) above the still water level. The current velocity should 
be added vectorially to the wave par article velocity before computing the drag 
force. Because drag depends on the of the horizontal particle 


is sometimes increased by 3-4% to account for ‘the current effects and the 
si tint) yao violas ont 
Material 


Factor, h,, 


Steel? 
(8) 


Deforma- | Environ- | Acciden- 
mental tal 


ULS: ordinary” 10 0. roc gel 


PLS,FLS, | 1.0 a 


ends on on mode of failure : and how resistance is ‘evaluated. a os 
nme loads, h,=1. 2 may be used for the loads P and L when temporary. 


: ‘current per se se is neglected. Currents ; may be ; important f for the design of auxiliary — 


i also be investiqned for vortex shedding. “An treatment tof this | phenom- 
enon may be found in the Construction Industry Research and Information — 


_ From the beginning of the development of offshore concrete structures, the 
design has been based on limit State (semiprobabilistic) m methods. . The defiion 
of limit state is (16): A structure or structural member reaches a limit state 
of fitness in a condition where it just ceases to fulfil the resistance requirements 
, or other specifications as regards structural performance for which it has been | 
_ designed. The various limit states used in design are given in Table 2 (26). Neal 
- E~ The principal parameters governing the design are basically ra random variables. eS 
Usually Statistical information is not available, so the ma main ‘uncertainties 


can increase drag sionificantly _ In maximum wave heicht 
| 
f Loading loads, loads, loads, loads, loads, Con- 
For well-c 


Characteristic load effects 
0. and characteristic resistances R. are defined as certain percentiles of the 
iia functions for load and resistance. Parameter Q. is the mean of 
the characteristic load effects distribution plus one or two standard deviations. _ 
"Parameter R. is the mean of the resistance minus 
one or two standard deviations. _ 
general, the design load effect, is the unfavorable 
a specified set of loads and associated partial load factors, 
The design resistance, R,, is the most unfavorable combination of relevant | ‘ 
characteristic and substitutional resistance parameters, R., and associated paral 


ety. against any Jimit State is finally 


far have been built sccording, 


TABLE 4. —Construction Phases and Load Conditions for Concrete Structures ie 


Load conditions /construction sequence 


_|Structure as launched depends on ballasting 
Immersion for deck installation, maximum hydrostatic pressure 
Ds ¢ Installation, maximum pressures on bottom slab 


to the load conditions shown in Table 4 (15). The temporary load ‘conditions — 
7. been to a large extent the governing conditions. The external hydrostatic 
pressure in the immersion condition (see ‘Fig. 2) and the pressure under the 
bottom slab the installation often” govern the dimensions: of a “Major 


the external overpressure. In general the ultimate limit state (ULS) governs 
ee Aspects of Design.—There are four principal differences between > 
structures onshore and those offshore. These differences relate to 
_ ‘safety requirements, functional requirements, environmental loads, and size of 
_ Offshore concrete gravity structures are huge by any standard. Their size, 


| Coupled 5 with the large environmental forces, produce design problems without 


sections. The verificati 
when | - 
Magnitudes of the partial load and material factore are siven in le 3 (15 29) 
Phase 
| ix and tower I< CK and ¢ ISI 


ith great care e considering the hostile environment and the grave consequences ~ 

Oil storage is usually one of the principle functional requirements. Repair 


_ of an offshore underwater concrete oil storage structure could be done at best 
_ only under extreme difficulty. The consequences of a possible oil leak could — 
be very serious. the establishment of realistic serviceability limit state 
(SLS) criteria is very important. Structural components containing oil should 
be designed completely tight with respect to oil leakage, which means only ~ 
very limited cracking of the concrete may be allowed. If the internal pressure 
of the stored oil is arta kept below the external pressure of the surrounding jf 


ond, 


FIG. 3. —Penetration of into -Compacted Concrete at Various Water 


water, then somewhat less severe requirements may be used. 
_ water-containing chamber is provided between the stored oil chamber and the % 
_ For installation of the steel deck structure on the concrete gravity platform, a 
the caisson and its three or four concrete columns is submerged to avery . 
* draft leaving column lengths of only 1 m or 2 m extending out of the 
water. The deck structure supported between two — is floated waned 
‘caisson is deballasted enough to raise the deck structure slightly, and the barges Pj 
are removed. During the deep submersion the caisson walls may have to resist _ 
a net hydrostatic pressure in excess of 9 tons/sq ft). Should failure occur, 


it would be from implosion of the cell wells of the caisson. Very careful attention 


| 
| 
| 
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must be given to ) determining the load c carrying ‘capacity - the cellular structure. 
Besides the nonlinear influence of geometry on deformations, the mesecial 
ines aggravate the tendency of the concrete to crack. Sufficient load _ 
carrying capacity be present in ihe deformed condition to preclude any 


“Instability | modes of failure in reinforced concrete members should be interpret- 

ed as ultimate load-bearing capacity failures rather than critical stress problems _ 

as reflected by the classical theory of elastic instability. Instability failures of 

reinforced concrete should be “ee gy on wns basis of critical strains — 


‘S-Stress” Level | 
cent of static 


4.—S-N Curve for Plain Concrete 


c than critical stresses. Many simplifications —_ be made i in order to do a realist 4 
- analysis of the nonlinear behavior of a large complex concrete structure. 
‘ Understanding of the nonlinear material characteristics, cracking, creep, and 
é other rheological effects is still in the active development stage. Predicting the 
_margin of safety of a concrete cellular shell structure may become a difficult 
_ task even when dealing with a \ well-defined load like hydrostatic pressure. . Further 
discussions on the design and ‘strength an analysis of the most important types 
_ Of shell structures are given in the later part of this paper. 
_ Durability of Reinforced and Prestressed Concrete. —Marine structures made © 


reinforced concrete with ith hard, dense dense aggregates: combined 


|. 
failure 


-water/cement ratio proven to Prestressed 
structures have shown excellent durability in marine environments also (5). 
The coefficient of permeability of concrete varies s widely with the 
ratio, cement content, and maturity of the concrete. Penetration of seawater 
into reinforced concrete may lead to corrosion of the reinforcement. The — ; 
of recent seawater penetration tests on well-compacted concrete are shown 
in Fig. 3 (5). Regardless of depth, penetration of seawater to the reinforcement 
is likely to occur in a few years, even in well-compacted concrete, i.e., we 
_ within the design life of the structure. A survey of existing reinforced concrete - 
structures in marine environments has shown that no significant —— 
occurs over the years in permanently immersed concrete, even when severe 
_ corrosion occurs in the splash zone. This is because of the low, uniform levels 
chloride present coupled with the low availability of oxygen. 


ta Fatigue Properties of Reinforced Concrete.—An offshore concr 
_ platform will be subjected to approximately 1x 10° cycles of wave » loading 
during a lifetime of 20 yr. This causes significant fatigue loading in parts of 
_ the structure, notably at the base of the columns. The levels of stress produced 
are significant with regard to fatigue behavior in reinforced concrete such as — 
in the caisson but are not important in view of the stress levels used in prestressed : 
concrete members like the tall columns. 
Fatigue properties of a material are usually reported means an S- 
‘diagram, in which S (ordinate) = the stress range or the ratio of stress range 
to yield or ultimate stress of the material; ; and N (abscissa) = the number > 
_ of cycles of loading to cause failure at a particular stress level. An S-N diagram — 
for ‘plain concrete is is shown in Fig. 4 4. Bury | and Domone (5). report: that for 


\ 
concrete tested up to 10’ oysion the investigators foundthat 4 


q 


that point, the fatigue strength was about 60% of the short 
“ “geile strength. This value was found to vary little with concrete strengths — 
of up to 8.7 kips/sq in. in. (60 0 N/mm’ ) and was similar for mortars and 
_ In general, the resistance of a structure to fatigue is considered to be adequate — 
if the stress range in concrete under monthly recurring maximum load is under 7 
- 0. Sf? in compression and 200 psi (1.4 MPa) in flexural tension and no membrane 
_ tensile stress. Bond values, for sections under cyclic re reversing loads, , should © 
exceed 50% of those for static loads. adi Jo. | 
Fatigue tests on reinforcing bars have been. carried out in uniaxial loading 
in air or have been done as flexural loading of reinforced concrete beams. 
_ fatigue life of reinforcing steel depends on the range of stress applied 
and not on the absolute values of minimum and maximum stress, provided | 
the maximum stress does not exceed the yield s stress of the material. Bury 
and Domone (5) report the work of “several investigators in Fig. 5 for —_ 
mild steel and a number of ribbed high tensile strength steel reinforcing bars. 
_ They also report that for reinforced members designed to be structurally economic 
fete the steel is likely to fail in fatigue before the concrete.’ This is not 
(true for heavily over-reinforced sections. In general, the adie stresses in 
- reinforcing or prestressing steel should limit to 20,000 psi (140 MPa) but reduce — 
to 10,000 psi MPa) for bent or welded reinforcements. 


| 
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Other Important Design Problems.—Several other important ‘aspects of the 


design of offshore concrete gravity structures are: 

. Cumulative fatigue damage a at the co column bases 
Temperature stresses within the ciasson caused by of hot oil. 


Local earth pressures on the base raft. 


Potential instability of the structural system during ‘towout operation due 
_ Steel Decks on Concrete Platforms.—All of the concrete gravity structures — 
constructed so far have had steel decks. The main reason for this is to minimize — 


cold worked (oy 
a 


European 


FIG. 5.—S-N Curve for Various Bars 


"during | towout of the platform to ra 
‘Types of Decks.- —The weights (for oil 
.- several platform decks are a in Table 5 (15). Generally speaking there = 
are three common deck types, i.e., plate girders, box girders, and truss — 
either using tubulars or plate sections. These types of decks have also been 
_ Categorized into two groups, i. .¢., intergrated decks and modularized decks. ob 
4 The only integrated steel deck built thus far is that on the Beryl A platform, 
although the deck on the Statfjord A is partially integrated. The integrated 
tea has the advantage of lower structural self-weight and consequently a 
cost. However, it is critically dependent on timewise correct delivery of the ; 
to be installed. The possibility of making modifications to the 
processing equipment is very limited. Constructing the deck (while simply called — 
the deck, the structure may consist of three or four levels or elevations each i 


q 
- 
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CONCRETE PLATFORM 
iw much more flexibility. 
in | scheduling and location of fabrication work; it also is more expensive. To ~ 
minimize topside weight during towout to location, some of the uppermost modules — 
are towedout separately on a barge and lifted into place after the basic platform — 
has been ballasted into position on the seafloor, tele 
-_ Design Loads.— —The mass or "inertial component of the passing wave force 
is predominant, although the drag force is also considered in the design. 1. Ordinarily — —_ 
_ the wave period which yields the highest loads on the entire structure is = 
oe the one which yields the highest loads on the deck structure. Several wave 
Periods must be investigated to establish the maximum wave loading. aga 
__ The wind | loading i is considerably | less than the wave loading but is frequently . 


ranger towers, ‘drilling ‘derrick, and heliport transmit large wind loads through 
their anchorage points. These points must be carefully analyzed in the design. —_ q 
_ With integrated deck structure most of the equipment is distributed “i 
theoeshoet the decks. With modules the loads represented by the modules are 
transferred to the deck substructure through four to six support points. These a 


“points o of ‘concentrated: load require analysis | to ensure sufficient local strength. y 


aie TABLE 5. —Dimensions and Weights for Some Platform Decks AL thio 


Platform bad meters meters 
4 Brent > 2x7x6 | 3,650 
Beryl A | 3,650 
Statfjord A | 8x83x10 | 5,000 42,000 


en deck loads cause compressive stresses in the concrete columns _ 
a “of the platform. Minimum deck loads combined with wave loads may cause 
tensile stresses in one or “more o of the columns. The concrete columns are 
- post-tensioned by a a series of internal cables so as to keep the stresses in the — 
% concrete always compressive. This stress may approach zero in the worst storm - 
condition, but itshould not become tension, 
_ The sequence of lifting and placing modules on the deck substructure must 
lso be investigated as regards local strength problems. Linde 
Excepting the structures in 1 water de depths less than n 100 m, th the concrete platforms — 
‘hom in Table 1 have resonance periods in the range of 2 sec-4 sec. Thus 
a dynamic amplification factor must be applied to the wave forces if these 
are found by a quasistatic analysis. This is especially important for the — 
smaller waves (ordinary operating waves) since they make up most of the fatigue _ 
loading on the platform. Of course, in the North Sea these ordinary waves 
§ are still quite high, estimated to be on the average 65% of the maximum ‘storm — 


wave he height. In a 20-yr lifetime from 12,000 to 15,000 of these ordinary operating — 


= will pass the platform. wor? 
eee enact Considerations. —Waves and wind produce large def. mations 


2 
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the deck. the deformations of the column 
‘ie in turn cause bending moments in the deck elements. Static loads on 7 
the deck also cause deformations and rotations in the column because of 4 
eccentricity. The dynamic stress sometimes may be as high as five times the 

Static stress. Steel plate thicknesses are sometimes over 2.5. in. (60 mm); 

. considering the w welding of such sections, one can see see why fatigue is an important — 

_ Three grades of steel are usually used in deck construction. S Special high | = 
strength steel is used for the transition pieces between the concrete column 
ends and the deck substructure and for all of the main cruciform joints. Primary >it 
it steel is used for all other structural members except ancillary — 4 
like walkways, ladders, railing, buckling stiffeners, etc. These are made of a 
RECOMMENDED ACI Practice For Orrsuore Concrete Structures 
=: Recently, the ACI Committee 357 on Offshore Structures issued a report. 
‘on Recommended Practice for Fixed Offshore Concrete Structures. (2). This 7 

_ report is prepared in the anticipation of the forthcoming usage of large fixed 
concrete sea structures in American waters. This recommended American design | 
practice was developed with much guidance from = three specifications listed 

_as Refs. (2,13, 14). 

Building Code for (ACI 318- 77) ar are to 

“J be used together with this recommended practice. Because of the nature of | 

the marine environment, certain recommendations made in this offshore practice 

a > Some important features concerning design and analysis of fixed 

- sea strectures as recommended by ACI Committee 357 are here briefly described. 
5 “ oe Elastic static analysis may be used to determine the distribution of forces _ 
¥ and moments in the structure. The member stiffness to be used in the analysis 
_ Should be based on the stiffness of the uncracked section. The structural members| 

are then proportional to satisfy strength ‘requirements. ‘tb 
. 2. If dynamic analysis is required, such an analysis should include the ¢ effects | 

of the foundation, surrounding water, and the nonlinear behavior of the soil. __ 

i’ For shell structural elements, a strength reduction factor of 0.7 for the 
2 concrete material is recommended. For the case of instability analysis, the modulus 7 
=e of elasticity obtained from ACI 318-77 should be reduced 10%. The | design 7 
-_ of shell elements should be based on the assumption that compressed air will 

not be employed to offset external hydrostatic pressures during installation on 
7 the site. To design against liquid leakage in regions of high bending gradients, 

at least 25% of the wall thickness must be in compression. ake “Otway a 

| Temperature loads due to fluid containments and concrete hydration may 
- lead to severe cracking in regions of structural restraints. The effect of such | 

cracking upon future performance of the structure under service and extreme 7 

_ §. A survival strength analysis is needed in order to prevent the structure i6 
collapse in the event of rare natural or man- -made events 


i 
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ANALYSIS AND or Swett Structures” 
As can be seen from Fig. 1, concrete gravity platforms consist mainly of | 
vetoes cylindrical shells of large dimensions. These shells are capped with 
= or conical domes at bottom and top. Further, all these platforms are 
equipped with concrete or steel skirts in the form of short cylindrical shells, 
a both, as a means of scour protection and of assuring sufficient resistance 
against horizontal sliding. Shell structural elements are most effective in resisting 
high water pressures and at the same time offer considerable economical 
> _ advantages. The complexity of the various shell components connected together — 
ee coupled with the complex actions of the environmental loads and other load 
: - combinations renders the analysis and design of such structures difficult. Herein, ‘ 
a brief outline is given with regard to the basic concept of the design and 
strength analysis of spherical and cylindrical shell structures. 
a _ The walls of concrete shell must be properly proportioned to prevent cata- 
strophic collapse against various periods of large hydrostatic pressure exposure. 
Potential failure modes to be considered are material failure and structural 
_ stability. A rational analysis of the behavior and failure of the shell structure 2 
must consider the nonlinear material behavior, creep, cracking, and the — 
of possible geometrical imperfections. In the case of stability analysis, the — 
second- order effects by deformation | must be considered. In the 
following, thre 
Quasi-Empirical Methods.—In this approach, strength an and 
are first derived on the basis of simple elastic analysis and then modified so 
as to obtain a best possible fit to the experimental data at hand. Tests on cid so 
_and spherical concrete shells subject | to hydrostatic pressure have been conducted 
in the Civil Engineering Laboratory at Port Hueneme ; since 1966. Based ¢ on 
these test results, design guides for designing spherical and cylindrical concrete 
structures to resist hydrostatic loads and, thus, to predict the implosion _ 
pressure have been published (19). Both thin-walled and thick-walled structures 
are considered. These semi-empirical design equations are generally conservative 
and should serve as a useful 1 guidance for a preliminary a calculation or 
quick check. These equations. are summarized in Table 6. 
Tangent Modulus Methods.—Research has shown that the ‘tangent ae 
buckling concept is er for the prediction of the maximum strength of many — 
types of columns, i.e., centrally load columns (11). This concept is not adequate — ne 
for cylindrical shells, because the tangent modulus approach pertains to idealized © 
perfect structural members while actual structural members contain significant 
geometric imperfections and/or lateral loads. Nevertheless, tangent modulus 
_ approach is a powerful simplified model to an actual structure in that: 
1. It takes account of the nonlinear stress-strain behavior of material. ee 
." 2. It uses linear elastic buckling analysis. 
- approach is s found to give reasonable predictions for the structures whose - 
in-plane forces are dominating. The design method proposed by Furnes (15) _ 
is briefly described in the following paragraphs. 


first ‘Step ii in ‘this method is to obtain the linear elastic buckling stress 
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for an idealized perfect structural member with constant elastic ‘modulus 5. 
Critical stress o., can be written in the general form 


in which coefficient p= an ideal buckling number. For example, , for the ca: case 
_ of a simply supported column, ithasthe value 


in which l/r = the slenderness ratio. For the | case of a complete nrcnoresll 


shell with end closures acting as a simple radial supports and subject to hydrostatic = 


+ s(q° + m*)*(q* + m* 1) 


n 


— 

in in which = 1 aR/L; Lis= 

buckling wave integer numbers; t= = mean radius; and 
= length. For other boundary conditions and loads , the buckling number 


may be obtained from handbooks, | tests, or computer analysis. 


6. —Equations for Implosion Pressures Pre 5 ana 


= Poisson’ s ratio; m and 


alled spheres: 


a 


2330,80/ 


t 


Note: k = strength increase factor due to triaxial stress state [k = 1.22 + 0.014 exp(13.5 


— t/D,)\; L = length; R = mean radius; ¢ - wall thickness; D, = outside diameter; f’ 


gx: 
= control cylinder strength; @ = length-to- -diameter factor; B = end es factor 


(simple end = |, fixed end = A. we a = plasticity reduction factor (bet 


| 
| 
| ] 
ation): 
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CONCRETE F PLATFORMS. 


Thes nonlinear stress-strain behavior for concrete may now taken into 


in Eq. 7 by simply replacing the Young modulus E. by the tangent modulus = 
e which is a function of concrete stress o. Assuming a second-order parabola _ 


a _ for the concrete stress-strain relation, E., can be expressed in term of concrete 


Le stress o. Substitution of E,,and E.inEq.7 yields 
For €u may be be modified by creep factor i i.e. oT 
to allow for the effect of creep. Normally, range 0.5 = = 1.0is found appropriate. 


effect of reinforcement may be considered by changing a a to 6d) 


he 


in which a is defined in Eq. 10; f, = the steel strength, endl A A, and A a 
the steel and concrete sectional areas, respectively. bad 


Magnification factor (1 - o/a,,) may be used to obtain design moment tM, 
by simply multiplying this factor to first- order moment M ,o. The design moment iu 


in which factor e, = the isch on stiffness which depends on the stress 

Computer Methods. — —Analyses of reinforced concrete structures are compli- 

cated, due to the nonlinear and behavior ¢ 


For the most studies of the response of reinforced concrete 
structures have in the past been focused, by necessity, on the behavior of 
isolated simple structural elements such as beams and columns, etc. As quantita- 
tive information on the load- deformation behavior of concrete developed and 
the scope of analysis capability has 
broadened to include the rare -loaded concrete structures such as concrete — 
offshore platforms. With the present state of development of computer programs, 
4 inadequate material models are often one of the major factors in iimiting the j 
capability of computerized structural analysis. The formulation of such general _ 


trend in research in concrete constitutive modeling is moving toward he 
, % development of three-dimensional stress-strain relations based on the principles 


q 
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oa In the following, some highlights of the recent test results and a comparison 

of those results to computational predictions for unreinforced — 
cylindrical shells subjected to external hydrostatic are her 
described. Details are Presented elsewhere QO). 


‘constitutive relation subroutine for the concrete. The analysis is found to aie _ 
the behavior of the specimens with good accuracy. 

_ The concrete stress-strain relationships under general stress states were 


: " developed i in three parts: elasticity, a. and fracture. For elastic concrete, 


‘elastic. For plastic. concrete, a strain- hardening plasticity ‘model was used to 
describe the nonlinear irreversible behavior. The plastic incremental stress- -strain 
relations based on the normality flow rule in the theory of plasticity are Cwclopes a 
indetailinthe book byChen (8), 
_ When the state of stress reached a certain critical value, concrete failed by 

fracturing. Two different types of fracture mode are defined, i.e., Brice 
type and ‘ ‘crushing™ t ype. en concrete cracks, the materi 7 
lose only its tensile strength normal to the crack direction but retains its strength 
parallel to the crack direction. On the other hand, when concrete crushes, the © 
ater element loses its strength completely. A dual representation of fracture 

_ criterion expressed in terms of both stresses and strains was adopted; details — 

— if Two computer codes have been deve eloped to implement the a epvaiiea ‘material: 
model described herein. The first computer program is called EPFFEP (Elastic- 
a Fracture-Finite-Element-Program). The details of this program are given 
in the report by Suzuki and Chen (29). In order to make the results = 
available in analysis for structural engineers in general, a second computer oo 
in the form of a subroutine has also been developed. This subroutine is ay 
- adaptable for use in any existing or. postulated large finite element analysis 
computer program. In particular, the subroutine has been incorporated in the 
nonlinear structural analysis program called NONSAP-A, which is a modified 
version of the NONSAP program originally developed by Bathe, et al. (4) of 

} the University of California at Berkeley. Nonlinearities considered i in the program 


> nonlinear materials, large | displacement, and large ‘strains. The details s 


of the development of the present subroutine are given in the report by Chang 
_ As an example, consider the two cases shown in Fig. 6, which were performed 
3 using isoparametric shell elements. Case | was modeled as axisymmetrical problem * 
with simply supported end condition, , and Case 2 was treated as a three-dimensional nal 
problem with large displacement. Out- of-roundness in the form of cos 30 was 
P. It can be seen that the introduction of out-of-round imperfection n causes a 
significant reduction in implosion pressure (about 44%). The effect of out-of- 


a roundness depends on cylinder thickness to diameter ratio ¢/D, . Cases | and 


4 
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of plasticity as well as elasticity. A comprehensive review on this development — 
is giveninarecent paperby Chen(9), 
Various nonlinear computer programs for reinforced concrete are now available = 
— 
| 
— 


2h shown in 5 re 6 were thinner specimens than all others. For example, the 
thinner specimens (t/D, = 0.0 -024) show a 44 a 44% % reduction due “6 out- a 
(about | 0.15% of D,) whereas the thicker specimens (t/D, = 0.037) show a 
_ The effect of cylinder length can also be studied. | For example, for the * 
_ out-of-round cylinders, the shorter cylinder (L/D, = 2.35) has a predicted i increase = 
in implosion strength of 53% over that of the infinitely long cylinders. Experimen- — 
¥ ‘Deflected « cross-sectional shapes for c} cylinders with initial out-of-round i imper- 
fection can also be accurately predicted. The analytical radial 
_ behavior of the interior wall at cylinder midlength as a function of pressure 
loading is compared in Fig. 6 with the experimental data. A good agreement 
_is observed . The membrane radial displacement w,, are also shown in Fig. 6 


for an experimentally perfect cylinder. The w,, curve can only extend to pressure 
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RADIAL DISPLACEMENTS, w(in.) ige 
FIG. 6.—Radial Dieplacoment at Midlength of Cylinder petra 


equal to pressures equal to for the out-of-round specimens, so termination 


4 of the curve does not mean implosion for an experimentally perfect cylinder. _ 
in stiffness of the cylinder wall between and out- 


of = = 0.037 had an ultimate radial that is 6.4 times 
displacement of a similar but perfect cylinder. The importance of out-of-roundness 
and the need to model the out-of-roundness to obtain accurate analytical — 
predictions is apparent from the results of this study. 


The concrete platform foundation design entirely on soil 
determined through site investigations. The site investigations may include a 
_ survey of sea bottom topography, site geology, geophysical investigations, in-situ 
determination of soil parameters by | means of soundings, vane shear and cone | 


| | | 
ia 
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penetration sampling in bore holes with ‘investigations of 
_ the samples. The investigation must allow identification, classification, and — 

- description of all significant soil strata, and for each stratum the geotechnical 
Sa necessary for the design have to be determined (22,33). The bearing 
capacity of a mat foundation is largely determined by the strength of soils 
close to the | sea floor. Consequently, particular attention should be given to 

the developing complete information on these soils; 

_ The stability of the foundations is the most important problem encountered 
in in foundation design. Several possible modes of failure for a typical gravity 
Sa is shown i in sand q (22). The simplest mode of failure i is ae between 


tha 


FIG. 7. —Possible Failure Modes Foundation Platform 


: extend below the skirts. During deballasting for placement the dowels contact — 


of ‘The ‘analysis. should consider ‘the reduction in 1 shear 
id _ For large foundations on sand the possibility for a bearing capacity failure 
for transient wave loadings depends on the undrained shear strength of the > 5 
sel. In this case a bearing capacity failure like that in clay soil is not likely. 
 Mewemer, a high shear stress level may lead to large deformations with high 
hydraulic gradients along the rim of the foundation and repeated loading may 
fs lead to softening of the soil and rocking failure [see Fig. 7(c)]. Another problem © 


with the foundation toed concrete platforms is that the currents acound the perimete 


a — 
q 
Me TISKR OF SHUMIE IS DY SAITIS tO OF tile 
concrete cells of the caisson and by adding several steel tubular dowels that a 
| 
| 
| | | 
an, the shear strength of the soil is exceeded, a deep-seated bearing capacity 


around this area to prevent scouring failure. i 
a... Liquefaction i is another mode of failure for gravity structures on ‘sandy s soil. 


ne same time if there is eccentric loading o on the | deck [Fig. ie 
1d). “Such ‘effects can be accounted for in the design only « on the basis of a 

_ on the actual soil or relevant experience with similar soils. In general, _ 

4 the effects of repeated loading should be included in the evaluation of stability 
by using stress analysis, or by using increased pore pressures in effective stress" 
as indicated by data from tests with | repeated cyclic loads. 

At the present time, there are three methods generally associated with the 
7 stability analysis of foundations. These are: (1) Slip line method; (2) limit 
a equilibrium method; and (3) limit analysis method. The slip line method involves 

a construction of a family of shear or slip lines in the vicinity of the soil 
Structure interfaces. Although solutions may be obtained analytically, numerical 
and graphical ‘methods are often found necessary (28). The limit: equilibrium — 

method can best be. described as approximate “approaches to the construction 
of slip line fields. Methods described in the well-known textbook by Terzaghi 

? (31) are typical of this method. The limit analysis method is a more recent 

a development. The method i is based on two Hianit theorems which con be rigorously — 

derived from theory of perfect plasticity. A good treatment of this subject — 
—-_ given | by C Chen (8). The Mohr- Coulomb | failure is used exclusively in in all these — 


_ ‘The evaluation of movements and settlements of the foundation caused by 
d ‘waslens loads acted on the structure is much more complicated. With the present _ 


state of development of finite element programs, inadequate stress-strain models 


for soil under general three-dimensional stress states are often one of the major > 
_ factors in limiting the capability of analysis for soil structure interaction problems. 


Some analyses using Tresca model, Drucker-Prager model, and Cambridge strain 
_ hardening models are summarized in the book by Chen (8), and many more — 


studies inctoding strain softening behavior of soils can be found in the current 
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Prior to the Civil War, tubular wrought iron structures were built ‘several 
miles offshore to support lighthouses along the Florida Keys. However, offshore 
construction as we know it today began in 1947 with the installation of = 
7 first steel template-type structure in the Gulf of Mexico, for drilling off Louisiana ) 
in 20 ft (6 m) of water (1). Twenty years later there were over 2,000 such J 
structures in the Gulf of Mexico, in water depths up to 340 ft (102 m). Offshore 
drilling platforms had also been built off Southern California, in Alaska, in 
the North Sea, in the Persian Gulf, and in Southeast Asia. The technology : 
had matured in the sense that much of the pioneering had been done, and > = 
the pattern was pretty well set for what are today’s routine structures. eT soae. 
These structures consist of three major elements: 1 
1. A welded tubular steel jacket that extends from iota sea floor to slightly — 7 
- ~ above the waterline. Hollow legs provide a guide for driving piles; these are ~ 
a braced by a space frame that resists lateral loads imposed by nature. The typical — 


jacket i is prefabricated onshore in one piece, carried offshore by barge, launched = 


be sea, and set on bottom 1 by ballasting, assisted by a seagoing crane or derric 
‘The; platform foundation is established — driving tubular: ‘steel p Piling through 


at the base of the jacket a are carried into the soil via shear and bending | in 


“Presented at the October 22- -26, 1979, ASCE Annual Convention and held 
‘Civ. Engrg. Advisor, Shell Oil Company, two Shell Plaza, P.O. Box 2099, Houston, >> 

_ Note.—Discussion open until November 1, 1981. Separate discussions should be 
submitted for the individual papers in this symposium. To extend the closing date one 
month, a written request must be filed with the Manager of Technical and Professional 

Publications, ASCE. Manuscript was submitted for review for possible publication on | 
March 19, 1980. This paper is part of the Journal of the Structural Division, Proceedings 


of the American of Civil ASCE, ' Vol. 107, » No. ST6, June, 


q 
a | 
— 
| — attached to the jacket by welding above water or grouting, or both, to the ; - 
q annular space between pile and jacket. Vertical and overturning loads on the 
= 
1 


if It carries the functional loads for which the structure was built, keeping men 
and equipment it out of reach of wave | action. ated 
In addition to drilling structures, fixed offshore platforms have been 7. r 
for light stations, oceanographic research, undersea testing, electronic surveil- - 
“dance, powerplants, sulphur mining, pipeline pump and compressor stations, 
4 - supertanker terminals, human accommodation, and even pirate broadcasting. 
In recent years, the technology has been refined and extended to include 2 
problems of dynamic amplification, fatigue, and floor r instability, as well 


been built in up to 1,020 ft (306 m) of water. Construction equipment has kept 
pace with launch barges capable of handling 30,000-ton (27,000,000-kg) jackets, 
semisubmersible crane barges of 2,500-t (2,300, 000-kg) ‘lifting capacity, and 
_ pile-driving hammers rated at 600,000 ft-lb (800, 000 J)—all roughly 10 times. 


: and three-piece fixed platforms having 59,000 ton (54,000,000 kg) of steel wo 


larger than what was available in the mid-1960s. 
_ However, this paper will simply outline the basic technology, to provide one = 
; designer’ S perspective from which these recent developments can be appreciated. 
= present state of practice is codified in API RP 2A (2). The outline cites 


ceedings of the Offshore Technology C enference,’ which has been held pence 
since 1969. For brevity, these papers will be referenced herein by OTC number. 
Other good “‘starting point’’ references are Chryssostomidis (3) and McClelland, 


1. Drilling equipment (API, Ref.5) 
Production modules (Koehler, OTC 2445) 

Crane and derrick hoisting loads . 

Environmental Loads (Wiegel, Ref. 6) 

Data gathering (Aagard, OTC 1829) 
a. Operating conditions (Glenn, Ref. adi we 

-__-b._ Extreme conditions (e.g., Glenn, Ref. 8; Patterson, OTC 2109) 

Coastal data (Thompson, OTC 

Gulf of Mexico Deepwater Ocean Data Gathering Program— 
ODGP (Ward, OTC 2108 A and B) 
e. Other areas (onswop, OTC 1516; Draper, Ref. 9) 


Wind speeds 
a. Extreme winds from Weather Bureau statistics (Thom, Ref. 


Windfield models for specified hurricanes (Collins, OTC 1346) 
a. . Standard Project Hurricane, 100-yr storm, and other recurrence 


intervals apne Ref. 11; Refs. 12 and 13; Bretschneider, Refs. 


| 

| 

| 
| 


q 


storm rm hindcasts, ‘calibrated o on (Wilson, 
Ref. 16; Patterson, OTC 1345; Evans, OTC 1692; Cardone, OTC 
1, of actual weld 
Statistical summaries based on hindcasts (Besse and Leblanc, 
et 17; Bea, OTC 2110; Ward, Borgman, and Cardone, OTC ~ 
3229; Ward, OTC 2846) af 4); Tops, Grigory, 
_ d. Statistical extrapolations (Thom, Ref. 18; Quayle and Fullbright, — 
. Wave spectra (Michel, Ref. 20; Robinson, Kat- 
BE ses Ref. 21; Borgman, OTC 1069; St. Denis, OTC 1819) 
Tides and currents (Bretschneider, Ref. 22; Hall, 1518; 
Forristall, OTC 3227; also Refs. 6 and 16) 
(Peyton, Ref. 23; Goepfert, OTC 1048; Blenkarn, OTC 1265) 
6. Earthquakes (Weigel, Ref. 24; Page, OTC 2355; Wiggins, OTC 
2669 and 3113; Bea, OTC 2675) 
. Submarine mudslides (Sterling, OTC 1898; Bea, OTC 1899 2110; 
Arnold, OTC 1900; Doyle, OTC 1901; also OTC 2188, 2425, 2426, 
ate C. Cost/Risk Optimization (Borgman, Ref. 25; Marshall, Ref. 26: Freu- 


ars thas denthal and Gaither, OTC 1058; Bea, OTC 1839; Cornell, OTC 2350; - 


Fjeld, OTC 3027; Moses, OTC 3046) 
IL. Force Computation and Application 
oe A. Hydrodynamic Forces (Reid and Bretschneider, Ref. 27) a 
_ 1. Nonlinear deterministic wave and current 
a Wave theories and water particle kinematics (Airy and 
see Ref. 6; Chapellear, see Ref. 28; Dean, OTC 
b. Direct measurement of kinematics (Forristall, OTC 3227; Ohmart, — 
if C, and C,, coefficients in Morison’ S equation Oliciien, et al., 
Ma Ref. 29; Weigel, Beebe, and Moon, Ref.30) 
. Flume measurements of C, (Blumberg and Rigg, Ref. 


Evans, OTC 1005; Wheeler, OTC 1006; Aagard, OTC 1007 and 
aS Lineotined spectral treatment of waves (Borgman, Ref. 36; Nath 
and Harleman, Ref. 37) bos Mune, 
3. Vortices and flutter (King, OTC 1948; Sarpkaya, OTC 3647) 
Slamming (OTC 2498, 2500, 2741, 3065) 
B. Wind (ASCE, Ref. 38; Nath, OTC 
1, Code-type force approach (Clough, see Ref. 39; Sharpe, OTC 2747) 
2. Hydrodynamic added mass Jk | Pou 
tts ote . Elastic dynamic analysis for strength level response oe 
Clough, see Ref. 24; Bea, et al., Ref. 40) 
4. Ductility level for survival under large displacements (see. subsequent = 


‘(Bretschneider, Ref. 32; Kobus, Refs. 33- 35; 


| 


Survivability equipment ti (Sharpe, oTc 2750), 
1. Acceleration forces due to barge motion 
1. Launchway ; and rocker beam reactions 
‘o & A. Integrated Computer Systems sass | Ref. 41; Meith and Gooch, Ref. 
a ea Keith and Feibusch, OTC 1054; Synercom, OTC 1662; Bainbridge, 
a B. Size Considerations f for Over 14, 000 Degrees of Freedom; subst: uctur-— 
= -_C. Integration with Nonlinear Foundation (Matlock, OTC 1699 and pal 
_ A. Operational Loads 
B. Peak Environmental Loads ‘or 
1. Wave position and direction tyre 
2. Inclusion of wind and current WA 
Combinations « weit 
Til. Dynamic Analysis (Clough, Ref. 43) 
a A. Quasistatic Plus First-Order Inertial Effects (Maddox, oTc 20 
Reduced Degrees of Freedom” 
«tans . Modal reduction (Clough, Ref. 43) — 
~gan a 3. Stick models and lumped property models (Brannon, OTC 2120) 
2 Limitations and potential errors (Vugts, et al., Ref. 
Ok Linearized spectral (Penzein, OTC 2050; Marshall, orc 2537; also 
Nath and Harleman, Ref. 37) 
Hydrodynamic nonlinearities retained (Burke OTC 1403) 
os _ D. Nonlinear Analysis for Earthquake Overload of Soil-Pile- Structure 
ae ‘Systems (Arnold, et al., OTC 2749; Gates, OTC 2751 and 2908; Berger — 
al Pyke, OTC 2954; Penzein, OTC 2352; Hasselman, OTC a3, 


| 
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ion Greste, Ref. 45; Greimann, OTC 1823; Mai son, 
2102; Visser, OTC 2117) > al 
Isoparametric modelling of actual weld geometry OTC 
Shell Theory (Dundrova, Ref. 46) 
_ C. Experimental (Bouwkamp, Ref. 47; Toprac, Refs. 48 and 49; Grigory, 
Ref. 50; Holliday, OTC 1441; Graff, OTC 1669; Wordsworth sad 
D. Empirical (Marshall, Ref. 52; Kuang, OTC 2205) 
at Fatigue Analysis (Maddox, OTC 2261; Hansford, OTC 2606; Kinra, OTC 
2608 and 3378; also OTC 2410 and 


we] 


lat 3. Microscopic (built into S-N curve) 
C. Cycle count bookkeeping 


Conventional | Steel | Shapes (AISC, Ref. Mu 


‘Tubular Members (AISI, Ref. 54, CRC, Ref. 


Cc Loaded Columns ore: 2203; Chen, OTC 2683) 


FF Inelastic Behavior (Bouwkamp, ¢ OTC "2204; "Sherman, 211 
1. Punching shear (Marshall, , Refs. 58 and 59) 
cad 2. Limit load format (Reber, OTC 1664; Pan, on 2644)” 
B. Complex Joints (Marshall and Graff, Ref. 60) aw 
A. Classification of Details (AWS, Ref. 61; Gurney, OTC 1907; “Munse, 
Experimental Results (Toprac, OTC 1062; Holliday, OTC 2208; Bouw- 
Kamp, OTC 2605; Martin, OTC 2856; UKOSRP, Ref. 62) 
C. Hot Spot Stress Range, Basis for S- N Curve X (Marshall, Ref. 63; 
2 jee D. Allowable Stress for Use w with Design Load Case (Derived from Prior = 
Failure Modes and Risk Evaluation bas seh) 
A. Reserve rs for Wave Loads (Marshall and Bea, Ref. 65, Stahl, 


} 
zurumlu, Ref. 56; Matlock, OTC 2953; Knapp, OTC 1663) 
| 
| 


Progressive deterioration in fatigue = 
Role of Redundancy (Marshall, Ref.68) 


i: oe - Control and Design Criteria (Marshall, OTC 1043; Peterson, OTC 1075) 
Il. 


D a I. General Selection Strategies—Yield Strength rie in Relation to = 
Fracture Toughness (Rolfe and Barsom, OTC 1044; Harrison, ore 1909; 


von Rosenberg, OTC 1953; also Ref. 62) 
Fatigue of Welded Components in Sea Water 


OA, S-N Behavior (Havens, OTC 1045; Casad, OTC 1254; Kochera, oTc 


OTC 1228, Plummer, OTC 2465; ‘Dovel, OTC 2853: Becker, 
‘Iv. Corrosion Protection (OTC (1038, (1049, 1047), 
Paint (OTC 1582) 


B. Other Coatings, e.g., Metallic (OTC 1960) 
™ Cathodic Protection (OTC 1039, 1040, 1271, 1273, 1957, 2700, 2702, 


Tearing (Arita, OTC 1619; Wold, OTC 1915) 


VI. Weldability (Bennett, OTC 1230; Dolby, OTC 1908; also Ref. 61) 


I. Overview (Focht and Kraft, Ref. 71) 
IL Site Exploration (Fugro, OTC 2246) 


et: & Geological Setting (Bernard and LeBlanc, Ref. 72; McClelland, Ref. 7 
a B. Geophysical (King, OTC 
C. Borehole and Wireline Sampler (Perkins, Ref. a 
D. In-situ Vane and Cone Tests (OTC 2626 and 2787) 
al E. Laboratory T (Focht, Ref. 73) 


A. Axial Loads and from Base Reaction of Structure 
B. Deformation- induced Loads Due to Mudslides and Earthquakes 
Analysis 
. Discrete element model (Focht and McClelland, Ref. 76; Matlock 
2. Nonlinear soil support algorithms (P- curves) 
a. Soft clay—static and cyclic (Matlock, OTC 1204) a 
Stiff clay (Reese and Cox, OFC 2312) 
Sand (Reese and Cox, OTC 2079 and 2080) 
ye gh 3. Pile groups (Matlock, Ref. 78; Poulos, Ref. 79) aA 
Loaded Piles (Matlock, OTC 2186) 


= 

5 | 

= 

| 

| 


‘Sn 


. Axial from above ARE DS TO) 
. Bending from laterally loaded pile analysis 
Ultimate Bearing and Pullout Capacity 
Traditional approach (McClelland, Refs. 80 and 81; Focht, Ref. 
Soft clay (Seed and Reese, Ref. 83) 
Stiff clay and sand Reese and Cox, 2472 and 2473; 
2. Alpha and lambda ‘methods (Fox, OTC 1200; Vijayvergiya, OTC 
a 3. Effective stress method, critical state soil mechanics (Bea and Doyle, 
= Wu OE 2037; Vijayvergiya, OTC 2939; Esrig, OTC 2943 and 3406; 


-Kraft,OTC 3307) 
a. In soil (Krafft, OTC 2081) 
b. Connection to structure (Billington, OTC 3083; Halliburton, , OTC 
Audibert, OTC 3273) 
Dynamic and Cyclic Effects (Idriss, OTC 2355 and 2671 Sangrey, | 


) in soiseqral bas 


Prefabrication 


1. Nodes 
2. Bents 


| 
| 


A. Analysis. (Metcalf, oTC 2035) 
_ _B. Model Tests (Tam, OTC 1406) 
“ML Derrick Barges (OTC 1283, 2399, 2635) 


A. Conventional Hammers wae 
B. Underwater Hammer (OTC 2477, 2478) a ne . 

A. Grouting (Halliburton, OTC 1137) 


(Grubbs. OTC Masbouchi, orc +1621; 


1 Testing for Design Verification 


B. Tank Tests of Installation Procedures 


C. Pile Tests for Special Situations 
IL. Quality Control during Construction (Ref. 61) 


A. Dutiesof Inspector bra 
B. Welder and Procedure Qualification 
2. Ultrasonic (API, .8 
Monitoring and Inspection of Completed (Ref. ge 


“ 


“orc 2982; Edwards, i, OTC 3 3385) 


2. Dynamic signature (Vanmarke, OTC 1407; Mandery, OTC 1840; _ 
; _ Vandiver, OTC 2267; Dodds, OTC 2549 and 2551; Ruhl, OTC 2553 
and 3514; Hong, OTC 2555; 
3 ‘Other methods under development 
Acoustic emissions (OTC 2851, 2866) 
Acoustical holography OTC 1096; Holosonics, OTC 


| 
| 
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ads sd. Accelerated corrosion of of weld or heat- affected zones zones } 
Dents, punctures, abrasions 
b. Lesser cracks and 
Nonfailure e changes, | ¢€.g., Marine growt 
Cost/risk evaluation of repair or abandonment 
Role of redundancy and alternative ative safety measure 
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DELPHI Metuons: TH THEORY AND DESIGN 


By Ross B. Corotis,' M. ASCE, Raymond R. Fox,’ F. 


_ The veto of design loads for codes and standards involves data collection 

_ and reduction, fitting of physical and empirical models, and a high degree of | 
The Delphi method is a formalized procedure 

It differs from a a Bayesian 


a 


approach in n that subjective opinion and | objective data are _incorporated ~~ 


along with general er meen for applications in structural engineering. This — 
a followed by a description of the actual use of the Delphi method for updating 


the (unreduced) uniformly distributed live loads spe specified in the American National 
Pease AS8 ‘‘Building Code Requirements for Minimum Design Loads in | 


_ Characteristics. —The Delphi Method is a highly structured form of c commun- 
ication that can be used by a panel of experts to enable a consensus to al 
— The actual procedure of applying - steps of the Delphi method is 


& varied in their execution, but they remain essentially basic to all applications 


The Delphi method has four major characteristics. These characteristics ~~ | 


The first of these is anonymity of response: the experts taking part in a Delphi 


are not informed of the source of individual responses and often are not told 


the identity of the other experts taking part in the Delphi. A controlled feedback — : 
Prof. of Civ. Engrg., The Technological Inst., Northwestern Univ., Evanston, IIl. 


Prof. of Civ. Engrg., George Washington Univ., Washington, ‘D.C.; also Assoc., Dames 

and Moore, Washington, D.C. boa 

*Structural Analyst, United Computing Systems, Inc., Chicago, 
Note.—Discussion open until November 1, 1981. To extend the closing date one month, 7 

a written request must be filed with the Manager of Technical and Professional Publications, 

ASCE. Manuscript was submitted for review for possible publication on August 27, 1980. », 

This paper is part of the Journal of the Structural Division, Proceedings of the i 

Society of Civil Engineers, ©ASCE, Vol. 107, No. ST6, June, 1981. ISSN 0044-— . 
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“Delphi. but it almost always includes the third characteristic, which is a cnt ie 
_ description of the group response. This is usually the mean response plus some 
indication of the range of responses. The fourth characteristic is the use of 
multiple iterations of questions and feedback to reach a consensus. This consensus 
— does not necessarily imply total agreement among ‘the experts « on the actual 
answer or answers, but rather an agreement on the ut uncertainty of ‘the a answer f 
‘ Basic Philosophy. a scientific investigation is termed Lockean if its basic 


Lockean, with the greatest importance assigned to the data itself and the Ripon 
7: that any model can only be justified by data. This Lockean philosophy that 

_ the data are separate and prior to any formal theory is true of empirical science 

in general, and is especially true of fields that employ a statistical treatment 

-- A philosophy i in basic contrast to Lockean is Leibnizian, in which the formal 

analytic theory” is of first importance. Such systems" are often expressed in 

mathematical or symbolic form, and it is assumed that general theories cannot d 


are hypothesized before the collection of the data order to help» plan 

experiment, but they are often based on prior data or an intuitive knowledge _ 

of what the data will be, and the model itself ultimately depends on the data 


The Delphi method is a procedure for collecting data that is almost a pure 


example of a method based on the Lockean philosophy. As stated previously, _ 
basic to the Lockean philosophy is the lack of any formal analytical truths. 
or theory. The truth in a Lockean model is based entirely on the empirical — 
data. Since only a finite amount of data can ever be collected, there is an 
implicit uncertainty in what is said to be the truth. Because of this uncertainty, 
a researcher must exercise a degree of subjective judgement in transforming 
_ basic data into a final statement. This judgement in a Lockean system is based 

: entirely on the data, and the uncertainty in this result can be expressed as 
a function of the data. In the Leibnizian philosophy any result must arise from 
= elementary truths, and there can be no uncertainty in the results. = a 


conclusions. The Delphi ‘method reverses the role. of structuring for these two 
activities. In conducting a Delphi, a set of questions are posed to the panel 7 
One of the most unportant areas in the design of the Delphi is the selection : 
of Panel of ‘experts. expert is defined for ‘this as a Person 


prety organized research, ‘field ¢ experience, « or ¢ other means. . Care must ay 
exercised in the selection of the ae to avoid bias caused by inbreeding and 


| 
| 
| 
| 
| 
be derived from finite data sources. Probabilistic load models have a strong _ ; 
Leibnizian subcurrent because of the theoretical development of probability 
_ models. Although the models are represented in formal mathematical terms, . 
_ have formalized methods of data collection and less formal methods of reaching _ . 
4 


to gain access to as mes a pees of information as possible. ‘If the panel” 
i is too diverse it may be necessary to place experts into subgroups and weight ” 
a the  Tesponse of each subgroup according to its expertise on the particular question. __ 
| The wording of the actual questions is an area that also can have a great — 
Bs on the outcome of the Delphi. In addition to wording a question to not suggest 
- an answer, ambiguity must be avoided. It has been found that pore. 
é regularly answer ambiguous questions with a high degree of confidence according — 
to their own interpretation (19). The concept of using a statistical measure of 
_ the group response to produce more reliable answers has obvious advantages. 7 
(4). Fig. 1 shows two cases. Fig. 1@ might be considered a worst possible — 
type of situation, in which the true answer is at the extreme of the distribution _ a 
_of the responses. The median response then is at least as close to the true. 
answer as half of the responses. A more realistic case is shown in Fig. 1(b), » 
in which the true answer is not an extreme, and the median is closer to the 
true answer than a majority of the individual 


Median True 
"Answer sd) to 
_— 1 _—Examples o of Delphi Responses: (: (a) Worst Possible Case: | (b) Realistic Case — 


_ tagialang of | response is included in the basic characteristics of the Delphi 


_ method to D try to reduce the negative psychological aspects of traditional decision 7 


‘im are: »: Specious | persuasion; unwillingness to ‘abandon a a publicly expressed 
pinion; bandwagon effect of majority opinion; unwillingness to contradict a : 
_ respected peer; and hastily formed opinions. By keeping the source of individual 
Bs mew confidential, many of these undesirable factors are eliminated If 
eachr respondent i is safe within his own anonymity, pressures to protect a reputation 

oF a position n within the profession are reduced or even eliminated. = 
The field of social psychology supports the idea of anonymity of response, 
which basically reduces affective conflict (conflict of personalities) while still 
maintaining substantive conflict (conflict among ideas) (12). The result of this 


anonymity is that normative needs, which are related to the desire to reach 


— 
| 
| 
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a group goal or to support personal feelings, are de- ~emphasized. This leaves | 


a he sequential questioning with controlled feedback between rounds is consis- 
tent with the Lockean philosophy of achieving convergence to a group consensus. 
_ While groups in affective conflict do converge, they do this by withdrawing 
: from areas of high conflict, which does not necessarily improve the accuracy 
of the result. Since the Delphi method has been designed to reduce a 
conflict and increase substantive conflict, ‘the | goal of the group up should be 
convergence toward the true answer. A number of experiments have supported 
this hypothesis. Gordon and Helmer (10) reported that the interquartile range 
(range between the medians of the lower and upper quartiles) decreased on 
subsequent rounds of questions in most cases. They also noticed that after | 
al few rounds a point of diminishing returns was _ reached. Dalkey (4), in an 
extensive series of experiments, found much the same results while exploring 
P the consequences of various types of feedback. In other tests, Martino (14) | +8 
found no strong bias for either optimism or pessimism in the group responses. 
Feedback is an important area of the Delphi procedure. Dalkey’s experiments. : 7 
did n not ot produce conclusive results, but they did Findicate an of feedback 


however, | a significant influence on the final estimate when Setlianhegs for 
numerical responses were included as part of the feedback. On the other hand, — 
Scheibe, Skutsch, and Schofer (17) found a strong relationship between feedback 
and final responses. Dalkey (4) also investigated the effect of asking related 
questions along with the primary one. It was thought that the additional questions 
ae stimulate additional related research and consideration of other relevant 
information. The results of this experiment were indecisive, although there was 
some evidence that the additional questions improved accuracy somewhat. an? 
_ When the panel of experts is very diverse, it is possible to first conduct 
_a Policy Delphi to establish a common base of knowledge and uniform definitions | 
_ to be used subsequently. During the Policy Delphi there would be little need 
_ for restriction on the feedback since the main purpose is exchange of information. 
_ Convergence of the Policy Delphi should lead to common understanding of 
concepts and mutual agreement on terminology, 
Historical Development.—The Delphi method was originally developed by the 
_ Rand Corporation in the early 1950s for the Air Force, but because it was 
primarily intended to be used in military planning it was kept secret for about 
10 yr. The method is intended to improve the validity of decisions reached 
_ by a group consensus. In any group there is more information and misinformation 
than in any one individual, and the process by which opinion is extracted 
_ determines which has more of an effect on the answer. The characteristics — 
= of the Delphi method have been developed to | extract as much ———- 


as possible and to use it to reach the most reliable conclusion. noi Why een ye 

_ Some of the first Delphis were conducted to decide the size of a Soviet 
nuclear attack necessary to eliminate the defense industry in the United States 
(5). Following its initial use for strategic planning, the Delphi method was applied 
_ by both industry and government in forecasting technological changes 3 and 
developing policies for future resources and services (16), 
* The Delphi method has been used in the field of higher education for campus : 


q 
7 
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and curriculum planning (11), in industry to predict new markets and future 


trends in products (6,9), in government to evaluate civil defense policy (20), 
and in the medical profession (7). Within the field of civil engineering there - 
have been a few documented uses of the Delphi method. For the Michigan 
Sea Grant Program, a a Delphi was employed to study problems in short-term — 
and long-term resource management in the Great Lakes (13). Because of the 2 
complexity of the problems, three different panels of technologists, (engineers — 
and scientists), behaviorists, and decision-makers (business and civic leaders) 
were used to study sources of pollution, wastewater treatment methods, and ~ 
- regional planning Strategies. The Delphi was considered experimental and no 
- formal proposals resulted. A Delphi was also employed for estimation of electrical _ 
_ generation failure rates of nuclear power plants (8). General failure modes \ ee 
considered in the initial round and more detailed categories in subsequent rounds. 
4 Relevance to Structural Design Loads.—Applications of the Delphi method | 


2 in the field of civil engineering have been rather limited. The use of the method _ 
,. a in the areas of planning, environmental engineering, and traffic engineering (17,18) s 
_ are > Clear, and 1 it | may only be the conservative nature re of F the profession: that 


; of minimum specified design loads. Traditionally this has been approached with 
q Lockean philosophy, and a Policy Delphi can be used to address appropriate 
levels of safety, standard design practices and uniform definitions of terms, 


= be as s obvious , potential does exist. One such area is “the = 


determinations of the design loads themselves, “however, offers” the most 
interesting use of the Delphi method and philosophically can be compared to 
field data collection. The major difference is that in the Delphi method the 
opinion formation segment of the process is highly structured, while the data 
_ gathering, which is implied by the use of experts, is very unstructured. The 
_ Delphi cannot supplant the collection of data or development of supporting 
research. However, it is designed to extract a maximum amount of available — 
information in a form that is useful in reaching a consensus jos eet. cial, 
Live Loan / APPLICATION | FOR Amenican Narionat 
fio, Hors Tetal stores Fev marquees, fy cared, the 
_ Purpose and Scope.—Legally mandated minimum design loads for buildings | 
are usually specified directly by local building codes or by reference to one 
of the national model codes. The loads contained in these codes are, in turn, 
often adopted in whole or in part from American National Standard “‘Building ~ 
Code Requirements for Minimum Design Loads in Buildings and Other Struc- 
tures’’ (2), commonly referred to as the ANSI A58 Standard. This is especially 
true for live loads, which are defined as those loads produced by af use and 
occupancy of the building, and do not include environmental loadings. reat. ae 
i In 1977 work was begun on updating the current (1972) edition of the ANSI 
A58 Standard. Such periodic revision is required by the American National 
Standards Institute. The first two writers of this paper are chairman and member, 
respectively, of the Live Load Subcommittee of the ANSI A58 Standard ~ 
rr Committee. Within the live loads provisions is the very important basic table 
ed of minimum uniformly distributed live loads. While the values in ‘this | — 


i 
ideally should be Dase On Statistical analysis 1e1d ata in concert wi 


structural reliability theory, “neither the data nor the theory is yet sulficient 
for such a determination. It was decided, therefore, to 0 employ the Delphi method 4 
in the updating of this table. pds sf) ai bee 
Material on uniformly distributed live loads was prepared in tabular form 
, for the Delphi panel. The table consisted of each building occupancy type (e.g., 7 
offices in office buildings, lobbies in office buildings, guest rooms in hotels), 
the load as specified in the 1972 edition | of the ANSI A58 Standard (2), a 
column for the suggested load and space for supporting reasons : for both revised 
and reaffirmed values. Instructions explained briefly about the Delphi, emphasized _ 
the need for responses for reaffirmed loads as well as mapas changes and 
requested return of the forms within a specified time. 
‘Selection of Panel.—The selection of an appropriate panel of experts = 
7 clearly the most important step in assuring the success of the Delphi. It was” 
decided that the panel should consist of practicing engineers with en all 
_ design experience. In order to obtain the most valuable opinions and avoid 
; having to weight the responses, only engineers who were held in high esteem 
by their peers were selected. In order to accomplish the selection, inquiries 
were made of engineers in several major cities. In each case the ‘engineers — 
were asked to name those structural engineers in their area of the country 
= were professionally regarded \ with highest respect. From the composite 
list, 25 names were chosen. It was hoped that this would produce at least 
20 responses (which was somewhat arbitrarily selected as a viable minimum). | 
_ The 25 members of the panel represent a wide geographical distribution; with 
nine from the east coast, eight from the west coast, four from | the midwest 
and four from the Southeast. Fourteen of the firms represented may be e classified 
as structural engineering, six as architecture-engineering, two as civil and A, 
structural engineering, two as material supplier associations, and one as construc- J 
tion. All 25 panel members are structural engineers, and more than half are 
principals in their firms. firms. A list of the f the panel members and their firms is ‘is shown | 


Horatio Allison, McCormac and Nickolaus a 
Stephen B. Barnes B. Barnes and Associates 
George E. Brandow Brandow and Johnston Associates - 
James R. Cogley Martin and Cagley 
Henry J. Degen H. J. Degenkalb and Associates 


William Dripps Portland Cement Association 
‘William E. . Edwards William E. Edwards, Inc. 


pa Jack D. Jack D. Gillum and associates 
Andrew J. Gravino Prybylowski and Gravino, Inc. 
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Wiss, and Associates 
E. Johnston _ Skidmore, Owings and Merrill 
Walter T. Norris ) Riverside Steel Construction Company 
Lester E. Poole == John Graham and Company 
Leslie E. Robertson Skilling, Helle, Christiansen, Robertson 
F.Ropp Daniel, Mann, Johnson and Mendenhall 
= A Post, Buckley, Schuh and Jernigan, Inc. 
American Iron and Steel Institute 
Richard Weingardt Consultants 
ide was ‘felt ‘that since the. panel members have many demands on their time 
they might be reluctant to agree to participate in the Delphi. Therefore, a letter 
sent informing them of their selection and presuming acceptance unless 


4 he wished t to . refuse. It was s recognized that this would probably decrease 4 
refusal, but at the expense of decreased likelihood of response to the Delphi 

_ itself. It was hoped that the panel members would be reluctant to ignore the 

9 questionnaire when it arrived. In order to encourage participation the importance 

of the task was emphasized. In addition, each member was sent a a 
list of the tentative panel so that he could see the stature of the individuals — 

_ contacted. None of the 25 panel members declined to participate. = 

_ Responses to First Round.—The first round of Delphi material was sent to 

_ the panel in August 1978. A response was requested within 10 days. Two reminder | 

_ letters were sent to nonrespondents, one after approximately one } month and 


| from 22 of the 25 panel  neasbern. This w was as considered s sufficient (and | somewhat v7 
miraculous) and no further attempt was made to obtain the three wore 
Of the 56 occupancy types defined by the ANSI A58 Standard Q), a a 
_ more respondents reaffirm the current load value than all revised values combined. 


In 48 of these cases, there were more than twice as many votes for the current 
value than for any single alternative value, the exceptions being marquees and 
7 first floors in retail stores. For marquees, respondents favored the current 75 
psf (3.6 kPa), but about two thirds as many selected 60 psf (2.9 kPa). For | 
4 first floors in retail stores, the current 100 psf (4.8 kPa) was favored, - 
about two thirds as many votes for 75 psf (3.6 kPa). dist hm awel 
wal For the six occupancy types without a majority of responses 
a the current values, suggestions were quite varied. Table | indicates responses 
_ for these six occupancy types as well as the two previously mentioned. For 
7 the first round not all 22 respondents replied to each occupancy type. For 
‘ assembly halls with fixed seats a majority of respondents favored lowering [| 
i the load to 50 psf (2.4 kPa) from the | current value of 60 psf (2.9 kPa). Foe 
corridors above the first floor in libraries a plurality favored the current 80° 
7 psf (3.8 kPa), but responses varied from 50 psf (2.4 kPa)-100 psf (4.8 kPa). ; 
_ For corridors above the first floor in office buildings about half the votes favored a 
_ 50 psf (2.4 kPa) rather than the current 80 psf (3.8 kPa). This lower value 7 
also teceived more than twice as many votes as any other ‘Single : suggestion. 


_ST6 pete METHOD 1101, 
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residential upancies Tailed to Obtain a majority Tor realrirma=— 


tion. For both corridors in ) multifamily buildings and corridors not serving 1g public 
rooms in hotels a value of 40 psf (1.9 kPa) received approximately half the 
2s votes and about twice as many as the current 80 psf (3.8 kPa). Finally, for 
a og the first in dwellings the vote was is split between the current load © 


Minimum Uniformly Distributed Live 7 
Loads, in pounds per square foot 


type 4972 round one | round two (3) 


_ Assembly halls with fixed fixed seats het at5O at SO voll 


at 100 


corridors above first floor 


5 at 100 
Marquees | 7 | | 


lat 75 1 at 60 

Same | same’ 

Residential floors above first 30 at30 at 30 

dwellings Sat 40 18 at 40 

Residential corridors in hotels not 40 at 40 

serving publicrooms | | Jat75 | 3at60 


Residential in multifamily | 12 at 40 


buildings d | 


‘ 30 psf (1.4 kPa) and a val nt 


_ Although most supporting comments received with» the responses were of 
a general nature, in a few cases actual computations were included to show 
that a given load (generally lower than the current design load) could not 
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4 Final Round.—Based on the response to the first round of the Delphi it was 
Fs decided to conduct a second round. A new table was constructed again containing 
all 56 occupancy types. Alongside each occupancy, histogram type information — 
| was presented i in tabular form accounting for each vote on round one. Comments | 


received in round one for all loads other than the current ones were summarized | 
next to each occupancy type. Space was provided for the round two response " 
and for optional comments. A specific request was made for a response to _ 

all occupancy types. The round two material was ; distributed in early November 7 


with a two week requested response time. One reminder letter was. 


to nonrespondents about six weeks later. By the middle of January 1979, 19 
ae had been received, indicating a loss of three round one participants. , 
decision was made to close round two atthattime. 
All 48 occupancies that had been reaffirmed on round one were again reaffirmed, 
"generally more strongly so. For marquees a and first floors in retail stores there — 
not a major shift from round one to round two. 8363 
_ For the six occupancies for which a majority had not ‘reaffirmed the current 
values in round one, the results for round two generally provided an even 
‘dae mandate for change, as shown in Table 1. For assembly halls with 
fixed seats there was little alteration in responses. For library corridors above 


the first floor a slight plurality 1 now favored 60 psf (2. ‘9 kPa). F For office corridors * y 
aia the first floor the value of 50 psf (2.4 kPa) received slightly : stronger : 


support than it had in the first round. Both corridors in multifamily residences , 
and corridors not serving public rooms in hotels received increased votes for — 


and received a at t least four ti times as many votes as ; any other load value. Finally, 
almost u unanimous s round tw two support. oe 


_ Based on the general convergence in ‘load ‘vim found in the rc round. two. 
responses and on the likelihood of decreased response to further rounds, it 


decided to terminate the Delphi after the two rounds. 


Implementation.—The Delphi responses were reviewed and it was decided 
that there was not sufficient consensus to warrant changes for marquees, first § 
floors in retail stores, and library corridors above the first floor. Possible changes | 
& the remaining five categories under consideration were presented to a meeting — 
of the ANSI A58 Standard Committee in April 1979 and then circulated to 
the Live Load Subcommittee of the A58 Standard Committee. len ai 
iF? Because of similar usage characteristics, it was decided to combine the assembly 
hall occupancy category with theaters. The Delphi responses for assembly halls ~ 
_ with fixed seats favored a reduction from the current 60 psf (2.9 kPa) to 50 
psf (2.4 kPa) by about two to one. However, the responses for theaters favored — 
retaining 60 psf (2.9 kPa) by 80%. On this basis it was decided that the new 
occupancy, assembly areas and theaters, would retain a design load of 60 psf — 
y For office corridors above | the first floor the Delphi recommendation to reduce | 4 
the design load from 80 psf (3.8 kPa) to 50 psf (2.4 kPa) was followed. ‘The : 
new load was judged to be adequate for crowding situations and more — 
reflects modern design practice with open floor plans. Stairs and exitways — 
left at 100 psf (4.8 kPa) t to | account for for possible —_ _ crowding | loads in 

those areas. his 


_ areduced load of 40 psf (1.9 kPa). This value was a majority for both occupancies 7 


| 
| 
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Corridors in multifamily residences | and ‘corridors serving ‘rooms 
i hotels were reduced from 80 psf (3.8 kPa) to 40 psf (1.9 kPa) as og A 7 

_ Floors above the first in dwellings presented a most interesting aienee 

Delphi responses were strongly in favor of making all habitable floors 40 psf 

(1.9 kPa). Supporting comments in the Delphi could be grouped into three 

categories. One was that waterbeds require the higher design load. The second 

was the 30 psf (1.4 kPa) results in too flexible a floor system. The third was . 

7 that depending on the floor plan of the dwelling, heavy loads usually associated 

with first floors could readily be found on upper floors in bilevel or high rise m 
7 _ dwellings. On the other hand, no reports of inadequate performance in existing - 
dwellings could be traced to the design live loads. A request for comments 
_ from the office of Architecture and Engineering Standards of the Department — 
of Housing and Urban Development elicited concern over an unnecessary increase 
in housing costs that could result from requiring 40 psf. It was finally decided 
to clarify that dwelling refers only to one-family and two- -family houses and 
_ to redefine the design loads to be based on room usage. Habitable attics and ~ 
sleeping a areas” were given a design load of 30 ) psf (1.4 kPa), while all other 
habitable areas were set at 40 psf (1.9 kPa). The waterbed risk was left to 
‘The above recommendations were included in an April 1980 ai 
proposed revision to the ANSI A58 Standard (3), and most of them were in 
an earlier November 1979 draft. Of those members of the ANSI A58 Standard 
- Committee voting on the live load provisions, 84% voted for approval. The 
4 remaining votes were abstentions except for one negative, which was not related 

1 to the changes previously described. wo 

The Delphi is a highly formalized method of. communication n that 
is designed to extract the maximum amount of unbiased information from a 
“panel of experts. By this method the most reliable conclusions should be obtained | 
from | a } panel consisting of members of approximately equal expertise. — 


in | civil engineering have c come e only much r more recently. No documented = 
_ im structuralengineering could be found. 
_ The Delphi method is especially well suited for such structural engineering 
applications as setting design loads, developing uniform terminology, and selecting + 
= levels of safety. Its success depends principally on the careful 
selection of the panel and formulation of the questions. Its use in updating — 
the design live loads for the ANSI A58 Standard (2,3) was judged to be appropriate 
and fruitful. The principal difficulties were in maintaining the high level of | 
response and in reaching and implementing a consensus. 
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When the torsional response of it is convenient to 


two different modes al er resistance: (1) Circulatory torsion; and 4 
The box beam shown in n Fig. l(a) primarily resists applied torsion 

shear stresses that circulate around the cross section. Because the shear Se 
ey \ (or, to be more general, the shear flow) remains constant in magnitude re 
Be point to point around the cross section, equilibrium does not require a change ~ 
ail in magnitude of the longitudinal stresses. _ Apart from the local effects in the 
E _ immediate vicinity of the fixed support, the st ‘Stresses 5 will remain uniform along é 


oo The thin-walled channel beam shown i in Fig. 1(b) primarily resists the applied © 
torsion by shear stresses that are not uniform and that do not circulate in — 

| -- consistent direction around the cross section. At the two bottom free edges 4 

of this open section the vertical shear stresses must be zero. ‘If the shear stresses . 

i to have some finite values at a distance from the free edges then there re 
must be changes in magnitude of the longitudinal stresses [see Fig. 1(b)]. One 


of the bottom edges will be subjected to tensile stresses which increase with 


». increasing compressive stresses. (For the simple section shown an estimate 
of the actual s stress distribution can an be obtained if the section is approximated — 
the two vertical walls” acting. as two independent cantilevers, one resistin ing 
5 Ls an upwards load and the other a downwards load.) One vertical wall will have © 
Pi. top edge stretched and its bottom edge compressed while the other vertical — 
ae will have its top edge compressed and its bottom edge stretched. Thus, — 
- cross section of the beam will become warped, i. e., the points which prior» 
+ to deformation lay on a plane will after deformation no longer lie on a on dl 


Asst. Prof., Ecole d’Architecture, Univ. Laval, Québec, Canada. 
Prof., Dept. of Civ. Engrg., Univ., of Toronto, Toronto, MSS1A4 me 
Note.—Discussion open until November 1, 1981. Separate discussions should be 
for the individual papers in this symposium. To extend the closing date one 
4 month, a written request must be filed with the Manager of Technical and Professional _ 
Publications, ASCE. Manuscript was submitted for review for possible publication ig 
es 17, 1979. This paper is part of the Journal of the Structural Division, Proceedings _ 
of the American Society of Civil Engineers, —* Vol. 107, No. ST6, June, vars 
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7 . _ distance from the loaded end while the other bottom edge will be subjected | 7 
| 


. ane. is beam the t nal strength will be a function of the be be 


When torsion ‘is applied to a member it will be resisted by both « aeiiade a 
conden and warping torsion with the contributions of each type being determined 


have been ‘described extensively in literature. e. However, 

for reinforcement concrete members these theories are only directly However, 
prior to cracking of the concrete. The post-cracking torsional response of — 
reinforced concrete beams with closed sections or with squat solid city 
has also been extensively treated in the literature (e.g., ‘Ref. 2 lists | about ai 


} 


a «FIG. 1.—(a) Circulatory Torsion; (b) Warping Torsion 

_ papers on the subject) so that it is possible to predict the post-cracking circulatory 7 

torsional response of such ‘members (al 1). However, the post- cracking torsional — 


in n Fig. 2 has not pee ae anywhere n: near r the s same attention. . The few ‘evailebls 
papers (5,10,14) on the subject typically either restrict their attention to the 
_ determination of ultimate load (5) or are concerned with only certain specific 
_ The objective of this paper is to present procedures capable of predicting — 
the post-cracking response of restrained reinforced concrete thin-walled members _ 
having open and rigid cross sections loaded in pure torsion. The cross sections — 
may be arbitrarily shaped and may have variable wall thicknesses. It is assumed, a 
however, that the members are prismatic. | 
While the procedure is general it it will be illustrated predicting 


circulatory torsion, , and shear strains due to w warping | torsion will be | described. 
_ Acompanion paper (9) describes an experimental study in which a large reinforced 


: concrete channel beam was loaded in pure torsion to investigate the validity 

the the predictions made in this | this paper. 


ai To | show the procedures by which the torsional response of thin- walled open 


= 
elon 
4 
| 
| 


will | be This structure consists of a reinforced concrete channel 
beam 21 ft 0 in. (6.4 m) long attached to rigid abutments and loaded with 
a torque at midspan. The need to be answered include: What: 
what torque will the concrete crack? will the reinforcement yield? What 
will be the maximum torque that the structure can resist? What will be the 1 
- relative contributions of circulatory torsion and warping torsion and how will 
cracking affect these contributions? Will the usually neglected shear — 
contribute to the flexibility of the structure? 
hree rather distinct stages in the life of the beam can be identified. ” 
va low loads the concrete will be uncracked and the response of the beam 
can be predicted by traditional elastic theories. At intermediate loads the concrete 
will be cracked but the stress levels in the concrete and the steel will be low 


(steel stress less than “concrete. stress less than 0. 5 to assume 
these materials are still linearly elastic. Thus, the response of the beam can 7 
be predicted by a cracked linearly elastic model. Finally, at high load levels | 


both the steel and the will become inelastic. §|. 
ay sm-noresealid 


_ The beam will resist the applied torque by both circulatory torsion and wa warping | 
- torsion. However, to make the influence of each mode of resistance more clear 
] it will first be assumed that all of the torque is resisted by circulatory torsion, 
then it will be assumed that all of the torque is resisted by warping von 
_ finally the true situation of mixed torsion will be examined. In the uncracked- 
the of the ‘reinforcement w will be ignored. om 


| 


Circulatory Torsion. —The response of elastic in torsion 
can be predicted by using the classical theory of St. Venant. When the cross 
: section consists of a number of long, narrow rectangles, Bach’s approximation, _ 


_ which divides the section into its component rectangles, can be used. Thus, _ 
_ the relationship between the circulatory torsion, T., and the resulting twist, 


in which G= the shear modulus of the matetint: and x, and y= the smaller 


and larger dimensions of the component rectangles. 


“Longitudinal stee! 2425+972 « 
Transverse steel — #2 at 3" cc 
= 


FIG. 3. —Swestere investigated a ew = 25.4 mm; 1 ft = 0.3048 m; 1 psi 
Gis is as 0.4E and the ACI (American Concrete Institute) (1) expression 
for E is used, then for the beam shown in Fig. 3 the St. Venant torsional 
“stiffness GK will be 1.39 x 10° kip-in.” (3,990 kN-m’). Therefore, if the applied 
torque T is entirely resisted by circulatory torsion the midspan rotation, 6(L/2), 
be 45.3 x T rad | where T is, in _kip-inc inches (401 x 1 10 


wre 
maximum shear stress due to the torsion will be T.x/K. 


; Thus, if diagonal cracking is eqtemes to occur when the shear vane reaches 
4 Vf’. psi [0.33 Vf. MPa ] and if all the applied torque was re: resisted by y circulatory 
‘torsion the value of the applied required to cause cracking would be 


». Warping Torsion. —The response of elastic members in eareeoin torsion can 


a q For the structure considered the distribution of warping torsion, T,, along 


: to the distribution of vertical shear force, Vv, that would occur if the beam 
loaded with a vertical force at t midspan, ‘Fig. As already mentioned, 


“of the beam. This is ; analogous ‘to the way in 1 which the presence of shear : 
will cause longitudinal ~~ to change along the length of the beam. In 
,» the need for the longitudinal stresses to change > 


: FIG. 4.—(a) Wanted Torsion and Warping Moment; (b) Vertical Shear and Vertical 

; is expressed by the changing value of the vertical moment, M,, Fi ‘ 
_ with the shear and moment being related by v well- ‘known ex : 


: Similarly in the case of warping torsion, the need for the longitudinal stresses 


‘ to change in | value can be ae % in terms of the changing value of a baie 


can be used, in = - the the | point under consideration 


‘fl and y are the principal centroidal axes) | and I,, i is the moment of inertia 


the lencth of the heam ill he as shown in io Ala) his distribution is alasonuc 

i 

q 
dz 
4 
To determine the 
with the vertical 
| 


1981 


all lied s sections this area can be approximated wi line 
= a coordinate measured omg the % 


' FIG. 5. —(a) Cross- ss-Sectional Pro, Properties; (b) Uncracked Section (1 in. = 25.4 wry 


distribution of flexural stresses, , of co course, follows f from the usual mer 


in n which o = the - vertical curvature of ‘the beam (i.e., the rate of Cac of 
in the vertical deflections, ' v, can be 


‘The: of strains over the cross “section which resus 


warping torsion can ex ressed as 


thi 
1. -| 4 
” 
whi 
_ At one particular cross owe exural stresses will vary over ie 
Benin 
|..(8) 
q 


0” = the rate of change of twist and w = 
coordinate, Fig. 5(a). The value of w for any particular point on the center 
line of the cross section is defined as being twice the area a swept out by the 
mobile | radius vector, PS Fig. as it moves along the center from 
sectorial origin, So, to the point under consideration, S (i.e., ‘twice the 
a area of the sector PS,S in Fig. 5). Increments of w are regarded as positive 
if the mobile radius vector is moving counter- clockwise when viewed from _ 


For any particular point on the | cross: section the value of the coordinate 


a w depends upon the choice of the pole, P, and the sectorial origin, ao. 
the same way as the value of the coordinate y depends upon the choice of 
the origin 0 and the orientation of the x and y axes. The three unknowns associated 

- with the x and y coordinate veined (the Position of of 0 and the orientation of 


Loree 


The three unknowns associated with the w coordinate system (the position < of 
4 a value of s for which « w equals zero) are found from 

a strain described by Eq. 9 from the 
_ assumptions that the cross-sectional shape does not change during deformation 

and that the shear strains on the middle surface of the beam are negligibly ? 

‘small. The second of these assumptions is equivalent to saying that an 1 orthogonal 

grid of longitudinal and transverse lines drawn on the middle s surface prior 7 

to deformation will still be orthogonal after deformation. ae: ihe th a 

_ The magnintes of the longitudinal warping stresses associated with the v warping 

moment, , can be found from 


= the moment inertia given 


tds F 


_ The shear flow, q; , (shear stress times the wall thickness) which results from | , 


+ vertical shear, V,, , can be found from the well known expression: ee 


‘in which QO, = the static moment of area of the cut- off 


q | 
| | xdA=0; | ydA=0; xydA=0... 
— 
| 
7 
tee 


The eT S Starts at one end of the section and follows the center line 


of the section around to the other end. The positive direction of s can be 
arbitrarily chosen. The of £3 will with the positive 


be 

in which the Static of cut- portion for a 


point s on cross section is given = | 
> 
The analogy that exists between the equations for warping torsion and those 
for flexural shear is not merely mathematical. It follows directly from the fact 
_ that the basic geometric assumption for warping torsion (i.e., orthogonal lines 
~ remain orthogonal) is a generalization of the plan ne sections remain plane = 
For the section being considered here the values of w and 2. are shown - 
‘- 1 Fig. 5 5 along with the values of y and Q, which are given so that comparisons ’ 
' can be made. From the w values the sectorial moment of inertia, I... can A 
be found to be 2.36 x 10° in.* (634 x 
From Eqs. 9 and 12 it can be seen that _ 


‘This along with the of M, shown in Fig. 4(a) can 
be used to find the midspan rotation @ (L/2) assuming all the see torque 


T is resisted by warping torsion 


in which T is, in 1 kip- inches (63 x 10 ees T is, in kilonewton- -meters). or 
_ By comparing this rotation with that predicted for circulatory torsion, it can 
_ be seen that the warping torsional stiffness of this member is more than 6 
greater than the circulatory torsional stiffmess§ 
Under warping torsion cracking may initiate because the longitudinal warping a 
tensile stresses exceed the modulus of rupture of the concrete—resulting in r 
transverse cracks or because the warping shear stresses exceed the shear stresses Pal 
required to cause diagonal cracking. If the modulus of rupture is assumed o _ 
be 7.5 Vf" psi (0.63 Vie. MPa ) the value of applied torque required to cause 
_ transverse ‘‘flexural type’’ cracks will be 230 kip-in . (25.9 kilonewton-meters). 
if it is assumed that the shear stress required to cause diagonal cracking is. 


shear Ow whicn results [rom © warping torsion Gescrided in Fig. 
: 
| 


ST6 4 PREDICTING TORSIONAL RESPONSE 
(psi) [0.33 (MPa) (MPa) then the value of the applied torque required 
cause “‘web shear type”’ cracks will be 1,100 kip-in. (124 kN-m). 


_ Mixed Torsion.—At each cross section of a beam the total internal 1 torque se 


Te) is the sum of the circulatory torsion 0 that section, T. (z), and the wa 
torsion at that section, T. (z). Thus Blawg 


rpin 
P 


q ubstituting from Eqs. 18 into 


eG, 

-—= ; (22) 

in which m(z) = the value of the applied distributed external torque per unit _ 

yields the fundamental differential for mixed torsion 


_ properties of the structure studied, Fig. 3, results in the distributions of — 


whe 


FIG. ution of Circulatory Torsion, and Warping Torsion, 
torsion and warping torsion shown in Fig. 6. It can be seen that at the fixed 
_ abutments and at the midspan section all of the applied torque is resisted by 
warping torsion. . The contribution of circulatory torsion increases with petrol 
from the abutments until at the quarter points of the span it reaches its maximum > 
he of about 16% of the total torsional resistance. 
_ The rate at which the contribution of the circulatory torsion grows with 7g 


"from the fi fixed heupport i is a function of the cross-sectional stiffness ratio GK / EI we 


7 Substitution of this equation into the basic equilibrium equation fora member _ JJ 
oli 
7 


At two or three times a from the support and from | the midspan, | the vast 


‘the beam studied in this paper, a = 92 in. (2,300 mm). As the furthest distance ; = 
away from a support or from the midspan is only 63 in. (1,600 mm), the vast — * 
majority « of the torque continues to be resisted by warping torsion. 

a Based on the distribution of torsions shown in Fig. 6, the predicted midspan “a 
potation 6(L/2) = 4.84 x 1o~° T rad, in which T is, in kip-inches (43 x 

Tif Tis,inkilonewton-meters). = 

Due to the contribution of the circulatory torsion the maximum value of 
the warping moment will be reduced from 0.125 TL to 0.112 TL, thus, the 


predicted “Tequired to produce ‘flexural type”’ cracking will increase 


to warping torsion will of the contribution of the 
circulatory torsion, they must now be added to the shear stresses caused by 
the circulatory torsion. As a result the predicted torque required to produce 
shear type”” cracks will decrease from 1,100 kip-in in. m)-578 diel 
_ theory summarized, was that the shear strains on the middle surface of al : 
beam were negligibly small. In reality these shear strains will have finite values 
and therefore will contsibute | to the Of the te can be shown 


(Zz) 


“dz GK, Gh, 
For the beam studied in this paper “the - additional rotation at midspan du e 
to shear strains, @,(L/2), is for the uncracked state predicted to be 0.47 x 
10~° T rad, in which T is, in kip-inches (4.2 x 1o~° se Tis, in kilonewton- 
Thus, the shear strains cause about a 10% increase in the predicted value 
Traditional elastic theories for the flexural response of cracked reinforced © 
q concrete beams are based on the assumptions that both the concrete and the | 
steel are linearly elastic and that in the flexural tensile zone the concrete acts _ 
only as a shear connector and does not resist any longitudinal flexural tensile a 


s stresses. These traditional assumptions can be used in predicting the cracked 


This ratio is sometim 
4 | 
moa rif t ihe ati ior lis Wi r iT: ihe r iat ry roi n 
| 
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“PREDICTING TORSIONAL RESPONSE 
Once: again 1 the circulatory torsional response and the warping torsional response _ 


_ Circulatory Torsion.—Cracked reinforced concrete members resist circulatory 
torsion on by means of diagonal concrete compressive stresses which spiral around 
the: beam at an angle of a to the jongitudinal a axis (11). As well as resisting 
- the torsion these diagonal compressive stresses produce tensile stresses in the 7 
longitudinal and transverse reinforcement. Based on these concepts a convenient, 4 
approximate (the concrete’s compressive enfetmetion is ignored) expression for q 


which +x the Young's 1 s , modulus of the steel; A, » = the area enclosed 


by the shear flow; p, = the perimeter of = shear flow path; A, = the 
cross-sectional area of the longitudinal steel; pi = the cross-sectional area of 
one leg of the closed hoops; and ds= the of the hoops. 
The shear flow path lies some small distance inside the outside surface « of 
7 “the concrete. | The actual position is made difficult to determine by the fact 
that at higher loads the concrete cover over the hoops will spall off (10). To 
determine the stiffness of the beam in the cracked elastic state it will here 
be assumed that the shear flow path coincides with the centerline of the hoop. 
For the cross section being considered in this paper (Fig. 3) application ia 
Eq. 26 will result in an estimate of GK., of 0.25 x 10° kip-in. * (720 kN-m’). ? 
If this value is compared to the previously calculated uncracked circulatory — 
torsional stiffness, GK, it will be seen that cracking has caused this torsional 
stiffness to drop to about one sixth of its previous value. If the applied midspan 
_ torque, T, was all resisted by circulatory torsion the midspan rotation @(L/2) 
in the cracked state would ae xX lo” T rad, in which T is, in kip- inches 
2, 230 x 10° T rad if T is in kilonewton- meters), = i 
7 _ The tensile stress in the hoop steel, ae ‘that will be caused by the chia 
torsion, can be found as 
T.stana 


go E.A ip 


in) which t,= = 
section unde 


g s | 
| 
in 
| 
- the effective wall thickness given by 0.75A,/po. For the cross 
‘analysis, Eq. 28 predicts a value of 38° for a. Knowing a fn. 
: > circulatory torsion required to yield the hoops can be found from Eq. 27. Thus, _ 
if the applied midspan torque T was all resisted by circulatory torsion the value 
F = of the applied torque required to cause yielding of the hoops would be 654 


Warping Torsion. has been described warping torsion, T., , causes 

- tengieediasl stresses which change along the length of the beam with the magnitude _ 

_ of these stresses being related to a term called the warping moment, M.,, Eqs. 


#240 in? 128 in? 


7.—Cross-Sectional Nenitie-~eenel Section: (a) Cracked Cross Section; 
(b) Principle S Sectorial Co-Ordinates; tes; (c) Sectorial Static ; Moment of C Cut- Off f Portion | 


16. For the sake of simplicity it "wil be assumed that in the evacked state 7 


‘the response of the beam to M . does not depend on the value of es! and 7 D 


if 
| 
| 
4 
| 
Aa 


that the response of the beam to r. does not depend on the value of M, 

; Baath approximation is analogous t to that | traditionally used in determining the 
flexural response of reinforced concrete beams where the influence of co- existing 

In determining the response of the cracked cross section to warping moment 
- the concrete in tension is ignored while the individual steel bars are transformed 
into equivalent ar areas of concrete by ‘multiplying their areas by the modular : 
ratio Toarrive at the he effective cracked cross section an iterative procedure 

_ can be used in which successively more accurate estimates of what concrete e 

_ is in tension are made. For the section considered in this paper the effective 

» cracked cross-sectional properties when under a positive warping moment are > 
It can be seen from Fig. 7 7 that when the concrete cracks the principal sectorial 4 
coordinates for the section change (compare Figs. 5(a) and 7). The w values” 
associated with compression zones become smaller in magnitude while those 7 
associated with tensile zones become larger. The position of the pole P (often 
called the shear center) for this section moves up and to the left. Whereas 

‘in the uncracked State the w value was independent of the sign of the warping | 
“moment, in the cracked | state each point on the section will have two values — 
of w, one for positive warping moment and one for negative warping moment. 4 
Under a negative warping moment the pole will move up and to the right and 
= the w values for the left and the right bottom edges will become +128 “ 7 


(+82.6 x 107° m’) and —240 in.” (—154. 8 10° m respectively. This 
movement of the shear c center at | is analogous to the movement 
- From ‘the w values and the ‘effective areas the cracked sectorial moment 
of inertia, /,.,, for this section is found to be 1.29 x 10° in.° (346 x 10°. 
—m* ) which is about one half of the uncracked value. Substituting the cracked 
"value into Eq. 19 gives 6(L/2) = 13.0 x 10° T rad, in which T is, in kip- ‘inches 
(115 x 10° T rad if Tis, in kilonewton- -meters). The w values, Fig. 7(b), indicate 
that the highest tensile ‘strains will o occur in the to top right corner of the section. 
_ The value of M. required to yield the longitudinal steel in this location will 
be 42,500 kip-in.? (122 kN-m’) which if all the applied torsion is resisted by 
warping torsion, Fig. 4(a), corresponds to an applied torque of 1,350 kip-in. 


_ In the cracked state the shear flows caused by the warping torsion can be 


> 


found from Eq. 16 provided that the cracked values of the sectorial static moments 
are used, Q..,, Fig. 7(c). These shear flows will be resisted by diagonal 7 
compressive stresses in the concrete (inclined at an angle a to the longitudinal — 
and tensile stresses in the transverse and longitudinal steel tensile 


sae 


(29) 

in 
in which we = the total area of transverse steel. in the wall within the qperieg 
‘'s (area © of two legs ‘in our r case). The value of tan a can be found from Eq. 7 
28 except that 1, should be replaced by the wall thickness 1, p, byt the > length © 


contour around the wall center line p, and should be by 


f 


g 
= 
x. 
tz 
| 


4 For the section considered a will again be 38°. Knowing a, Eq. 29 : and Eq. 
16 can be used to find the value of T., required to yield the transverse Steel. 
Thus, if the a applied midspan torque T was all resisted by warping torsion the 
; s of applied torque required to yield the transverse steel would be 2,580 4 f 
_ Mixed Torsion.—Due to cracking the values of both EI, and GK decrease 
but GK decreases much more than EI,,,, therefore, the ‘characteristic length * 
of the ‘section, a, Eq. 24 will increase. ‘For the section considered, _ the cracked Z 
value of a will be 160 in. (4, 100 mm). The larger value of a means that after — 
cracking even less of the applied torsion will be resisted by circulatory torsion. 
The distribution of torsions will again look like that shown in Fig. 6, but now ; 
the maximum value of circulatory torsion willbe only 0.0377. | 
Because the circulatory torsion is ‘so small the predicted midspan rotation _ 
will not be greatly changed. It will now equal 12.3 x 10° ° T rad (109 x 10° 
T rad if T is, in kilonewton- -meters). There will leo. ‘only be a small effect 
on the torque required to yield the longitudinal steel which will increase to 
1,420 kip-in. (160 kilonewton-meters). While small, the circulatory torsion will 
cause substantial strains in the hoop steel, Eq. 27. For the outside legs of 
“the hoops the effects of the shear du due to circulatory torsion will add to the 
effects of the shear due to warping torsion reducing to 2,080 kip-i in. 1. (235 > 
-_kilonewton- meters) the applied torque required to yield the transverse steel. ~/ 
- Contribution of Shear Strains.—The additional twists which arise because < 
the shear strains due to the warping torsion can be calculated for the cracked 
state by using an effective shear modulus, G., for the cracked concrete (4). 


When substituted into Eq. 25 this effective shear modulus can be expressed 


For the section being considered that (GK,)., = 7, 
x 10° kip-in.’ (2,160 kN- m7”). If the twists due to these shear strains are included 

in the analysis then the predicted rotation at midspan becomes 20. 2 10° 6 

T rad, in which | T is, in kip-inches (179 x 10° T rad if T is, in kN-m’). 

It is is worthy of note that the shear strains cause the rotation to increase ooy oe 


For the beam under consideration the circulatory torsion will be very small 

at this ‘stage and therefore, rather than dealing with the more complex case 

_— ‘of mixed torsion it will be assumed that all of the applied torque is resisted — 
j by warping torsion. As a further simplification, it will again be assumed that 
the response of the beam to M,, does not depend on the value of T, wes ah 
Response to Warping Moment.—As the magnitude of the warping moment 
is increased the - longitudinal concrete and steel strains will also increase. At 


higher s strain levels the assumption of | _ elastic material response will be 


in Fig. 8. Such stress-strain relationships can be represented tm 
in which the secant moduli of the steel and the concrete are functions of the 


strain. of M_ be osed oo 


7 Fora a section made from ‘materials having such nonlinear : stress~ -strain relation-- 


8 Strain Curves for Steel and Concrete: (a) Steel- Session or 
For a particular value of M,, the distribution of longitudinal strains" over t the 


in which Enc tl the elastic modulus of the concrete given by the ACI expression 

and | ier and Wn Wn, are the inelastic cross sectional properties for the particular — 

value of M.. As an initial estimate the cracked elastic values of and q 
_can be used. ‘From the calculated strains, Eq. 32 and the stress-strain relationships “4 
€ g. » Fig. 8) the secant modulus for each concrete step and each reinforcing 


Cross se 
— 
— 
| 
| 
| 


bar can be evaluated. Using the secant ‘modulus: values a concrete steps and 
eel bars can be transformed into equivalent areas of concrete with a modulus 
of E .,c,- From the transformed cross section the new estimates of J.,,, inc: AND Wines 


can be calculated, Eqs. 11 and 13, and the whole process repeated. When © 
: convergence has been obtained, the rate of change of of twist, 6”, corresponding 


the value of M.,, can be found from 


results in the M, - 0” relationship shown in Fig. 9. 44 perform the iterative 


calculations involved it was — to to employ a computer (8). 


f 


Strain distribution ot 
steel yreid 


9. Moment Fate of of Twist 
strain- of ‘the was Fig. the value of 
_M., continues to increase until very large values of 6” are reached. It is wnlikely 
‘that such large deformations can in fact be sustained. Thus, as a conservative — 
simplification the ultimate value of M, was assumed to correspond to a concrete | 
_ Strain 1.5 times the strain at the peak stress, Fig. 8(b). This assumption re results — a 
in an estimate of 69,300 kip-in. * (199 kN-m) for the ultimate value of M, ‘which os 
"corresponds to an applied torque of 2,200 kip-in. (249 kN-m). 
_ Response to Warping Torsion.—Rather than failing because the warping moment ¥ 
"reaches i its ultimate value the beam may fail because the cracked concrete cannot 
transmit the shear flow required by the warping torsion, Eq. 16. The longitudinal 
tensile strains due to M, will decrease the ability of the concrete to resist 
_ the shear stress (4). Thus, i in the structure considered the critical cross sections 
will be at the ends and at midspan where the highest value of T,, will coincide ~ ‘ 
the highest value of M,, Fig. 4(a), 
check whether whether she shear is critical critical fort the structure being the ability 


i 
An 
2 
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- the section to sim imultaneously resis ist a warping moment of 69,300 kip in.” 
(199 KN-m ) and a warping torsion of 1,100 kip-in. (124 kN- m) must 
investigated. As it has been assumed that the longitudinal strains, ¢,, only depend 
on M.,, the values determined in the warping moment analysis can be used, 
> Fig. 9 and Fig. 10(a). Furthermore, the cross-sectional properties determined — 
for this value of M,, can be used to find the magnitudes of the shear flows — 
from Eq. 16. Fig. 10(b) shows these values for the most highly s strained wall. _ 


+16 221075 


7 FIG. 10.—Investigating the Shear Capacity of Wall: (a) €,; (b) qi (c) a; (d) f,; (e) 
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The shear flows will cause diagonal compressive stresses magnitudes 
can be found (4) from Gell Yer 


tan 


in which = com strain associated with and = 
d p a> h 


strain associated with f,. For the longitudinal strains shown in Fig. 10(a) and © 
the shear flows in Fig. 10(b), Eqs. 29 and 34, the stress-strain curves of Fig. | 

; 8 and Eq. 35 can be used to arrive at the predicted angles of diagonal compression 7 
‘shown | in Fig. 10(c) and the predicted values of diagonal compressive stress 


The ability of the cracked concrete to resist the diagonal compressive stresses 


will be reduced by large deformations of the concrete. A Pe value 4 


f 


| 
q 
29. Angle a cé | 


«JUNE 1981 


a For ae er section being studied the strain values at this load level result ay 


the values of f,,, plotted in Fig. nai ‘tory 

_ Because the wall section is at the ultimate value of M.,, in the compression — 
zone of the wall the value of fy (which is here essentially longitudinal) reaches : 
Ss, (which is here equal to f’). This does not indicate a shear failure. In the ps 
tensile zone of the wall the values of f, are everywhere less than the values — 


of fy, (fy fou ' < 0.48) indicating that the cracked concrete is capable of transmit- a 
a 
3 ting the required shear flows. Therefore, for this structure shear is not critical. © + 
Predicted Response of Beam.—If the relationship between M , and 6” is known, 
Fig. 9, then the resulting relationship between the applied torque, 7, and the 
~ resulting midspan rotation 6(L/2) can be calculated. The procedure i is as follows. 


io a given | value of T the distribution of M, found, which 


Hoop steel NEL astic 
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~_ Longitudino! steel 
yield 
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cracking 


by which deflections are found from curvature distributions (e.g., moment- a 
or double integration) can then be used to find weer ay from the — 
a has been shown that the shear strains due to T., reek ia in an eatin 

_ increase in the value of 6(L/2). While an analysis similar to that used in preparing | 

Fig. 10 could be used to find the shear strains at each point on each cross 2 

_ section along the beam, such an analysis would be unnecessarily complex. As — 

a simplification, a constant value of GK , equal to the cracked value parry 

calculated will be used to calculate the additional rotation. 

_ The final predictions for the response of the beam eve sideninitni in Fig. — 

IL. It is predicted that flexural type cracks will begin to form at the ends — 
and at midspan when only about 12% of the ultimate load has been applied. 
At this stage the load- deformation response will begin to deviate from the 
uncracked elastic socpanes. At about 26% of the ultimate load diagonal w web-shear shear 


which y,, = the maximum 

F 
J 

— 
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TORSIONAL RESPONSE 


type cracks formed along | the length of the beam causing a further 
loss of stiffness. By about 65% of ultimate the longitudinal steel at the ends mi 
_ and at midspan should begin to yield while at about 95% of ultimate the hoop | 
steel along the length of the beam should be yielding. This yielding of the © 
_ steel will cause a very marked loss of stiffness. The final failure should occur 
- = to flexural crushing of the concrete at the ends nes at midspan at a torque 


This pa paper has presented for calculating the 
of thin- open reinforced concrete members. The procedures were illustrated 


response of elastic, ‘homogeneous beams could be modified and extended 
that the post-cracking and inelastic warping torsion Tesponse of reinforced 
concrete thin-walled beams could be predicted. The paper emphasized the intrinsic — 
analogy that exists between the behavior of a beam in warping torsion and 
= ear of a beam in flexure. Once the sectorial cross-sectional properties, — 
I, Q., have been calculated predicting the response to warping torsion 
# is no more p difficult than ‘Predicting the response to flexure. While not as well 


_ It is suggested that for important reinforced concrete structures of the type 


% _ in Fig. 2, it would be appropriate to perform a torsional analysis similar | 
to that described in this paper. Such an analysis would help the 


As was shown in the paper, after cracking the stiffness drops substantially, 
_ the characteristic length increases, deformations due to shear strains become 
_ significant and the portion of the applied torsion carried by circulatory Facute 
_ decreases. ‘Use of the cracked stiffness values will lead to a more accurate 
distributions throughout the structure. 
is In: a companion paper (9) the observed behavior of a large thin-walled seiaiacced 
- concrete channel beam tested in pure torsion is compared with the preceding — 


7 pra analyzing the overall structure rather than the uncracked elastic values. = 
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The following symbols are used in this | paper: bath 
cross-sectional area of one leg of closed hoop; 
= cross-sectional area of longitudinal vers 2d) 

= areaenclosed by shear flow; = 
total area of transverse steel in wali within adi 
characteristic length of cross cross section, Eq. 26 

crushing strength of concrete as determined from cylinder; ; 

value of f, which will cause failure; 

- modulus; 

bw? dA = moment of inertia; 

24A = = sectorial moment of i inertia; 

ag _ = "equivalent torsion constant for twist due to shear strains; 

n = distributed torsional moment acting on member; aes. 

wan perimeter of area enclosed by shear flow; 

ow gt = length of contour around wall center line; 

» = JSovtds = = static moment of cut-off portion 


q 


= wtds = sectorial static moment of off portion; 
s = coordinate around center line of cross ane 
spacing of stirrups; 
applied torque; xb Ore 
circulatory torsion; RC C Src 
us 0.75 A, = effective wall thickness; 
= vertical shear force; 
y= coordinates in plane of cross-section; 
smaller and larger dimensions of component rectangles; = 
z = coordinate along length of member; 
dhe = angle of inclination of 
“maximum shear strain; st 
longitudinal strain; un-wade 
| pak d0/dz = twist; the the 
dz’ rate of change of | twist; 


- 
additional rotation due to strains; 


o = sectorial coordinate; and - 


= d?v/dz? = vertical curvatur 


= gs from t he rian used above, e, subscripts have the, following pcb x 


| 


= 
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‘By Petar Krpan' Michael P. Collins,” M. ASCE 


y While a very large number of experiments have been c conducted to investigate 
the torsional response of reinforced concrete beams with closed sections (box - ; 
_ beams) or with squat, solid sections (3), very few open, thin-walled, reinforced 
concrete beams have been tested in torsion (4). To obtain detailed information 
on the actual behavior of such members a large, reinforced concrete, thin-walled, a 
channel beam was loaded in pure torsion. This paper describes the results of 


-_ ‘response eof thin-walled, open, reinforced concrete members. In this p paper these 


; are compared with the observed behavior of the test specimen. 


Fig. I(a) gives overall dimensions the | test “specimen. The desire to 
use two-legged stirrups dictated the choice of a 3-in. (15- mm) wall thickness. 
_ To ensure that the specimen behaved as a thin-walled beam (8) the width and 
‘height of the cross section were made to be about ten times the wall thickness, 
while the length was made to be one hundred times the wall thickness. In — ? 
addition, large en end diaphragms (solid blocks) ' were provided to restrain the warping © 


The reinforcement, Fig. 1(b), was uniform throughout the length of the beam. 
The main longitudinal reinforcement consisted of 24-#5 bars arranged in the 
four corners of the beam and anchored in the end diaphragms. To supplement 
this steel there were 9-#2 longitudinal bars which were intended to control 

; cracking in the middle regions of the sides. Each stirrup was bent from a - single 
_ 15-ft (4.6-m) piece of #2 undeformed bar which resulted in a single 15-in. (380-mm) 
_ lap in the middle of the top face, Fig. 1(b). The stress-strain characteristics 
g the #2 and #5 reinforcing bars are shown in Fig.2. 


‘Asst. Prof., Ecole d’Architecture, Univ. Laval, Quebec, Canada. | 


*Prof., Dept. of Civ. Engrg., Univ. of Toronto, MSSIA4, Toronto, Canada. 


Note.—Discussion open until November 1981, Separate discussions should be 


submitted for the individual papers in this symposium. To extend the closing date one 
month, a written request must be filed with the Manager of Technical and Professional 
a : Publications, ASCE. Manuscript was submitted for review for possible publication on : 
ary 8, 1978. This paper is part of the Journal of the Structural Division, Proceedings — 
of the American Society of Civil Engineers, ©ASCE, Vol . 107, No. ST6, June, 1981. 
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= “tty These #7 bars acted as Ae longitudinal bars for the end diaphragms 
see Fig. 3 


FIG. 1.—Dimensions of — Tested: (a) Overall Dimensions; (6) — Sec 


FIG. 2. Strain Characteristics of Reinforcing Bars 


_ The normal weight concrete for the specimen was supplied ready-mixed in 


two batches. Each batch had a slump of 3 in. (75 mm), a maximum aggregate 
size of 3/8 in. (10 mm), and attained | a cylinder age of 7, 500 psi (62 — 


stress- strain « curve e of the concrete was s essentially parabolic with the peak s stress ‘< 
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A schematic diagram | of the testing arrangement is shown in Fig. 4.7 The 
“test rig applied a pure torsional moment to the midspan of the be arene: while — 
torsional load at midspan was applied via a “torsional loading frame” 
clamped to the middle diaphragm. To produce the required torsion, two 20-tom- 
 (180- kN) jacks applied equal tensile forces to two vertical rods 92 in. (2,340 


At the ends of the specimen torsional restraint was provided | by a “‘torsional 
‘reaction frame” which was tied down to the reaction floor. Rocking plates’ 


restraint was that against torsional an — 
During the test the torsion was increased at a very slow rate until a ‘“‘load 
' stage” was reached at which time the deformation was held constant. At each 
7 load stage, a very large number of strain readings (110 readings on longitudinal 
“" steel, 168 readings on the stirrups, and 29 readings on the concrete) were taken 
Pa by means of demountable mechanical strain gages (see Fig. 5). In addition, 
at each load stage, the applied torque at midspan, the rotation of the middle 
diaphragm relative to the end diaphragm, the rotation of various sections along 
the span, “the horizontal and vertical deflections of each gi of the beam, _ 
and when appropriate crack v widths, were all measured. 
= ; Because of the large number of readings, the test took nearly 10 days to 
complete. of 10, during the test can 
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. 4, Diagram of Testing Arrangement 


FIG. 5 —Specimen During Test (Load Stage 
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od In describing the observed behavior of the test specimen, it is convenient _ 4 


tr refer to Fig. 6, which ‘relates the applied torque to the resulting midspan 
a rotation. The predictions shown on this figure were calculated i in a companion 4 
—- (6) while the experimental points shown refer to measured torques and z 

measured rotations at various load stages. It should be noted that the procedure — 

_ for arriving at the predicted response took into account the actual stress-strain — 

_ relationships of the concrete and the | > steel. F Further the predictions include the © 

deformations re resulting from the _ shear strains which at times account for more 


than one third of the total deformation. 
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FIG. 6.—Comparison of Predicted and Observed cnhienehne Between Applied 
Torque and Resulting Midspan Rotation vi 


FIG. 7.—Crack Deve lopment in South Flange. Midway Between Load and Suppor 


East End of Beam Ses) on) 
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S..4 the sequence of ‘te load stage numbers shown in Fig. 66 is examined, an 


it will be seen that the load on the specimen was not simply monotonically | 
increased to failure, but rather the ‘specimen was at several stages unloaded a 
and then reloaded. For clarity, some of the load stage points” were omitted — 
in Fig. 6. Thus, Load Stages 3, 9, and 11 were at zero torque while | Load 

éE Stages 8, 10, and 12 were at the same torque as Load Stage 6 and Load Stage 
iy was at the same torque as Load Stage 15. 
a During the test, , the first cracks were ot observed when the ‘applied torque | — 
about 200 kip-i in. (23 kN-m). These were vertical “flexural type” cracks, 
at midspan, at the bottom of the south flange. At about 350 kip-in. (40 kN-m) | 
“‘web shear type’’ diagonal cracks opened on the outside surfaces of both the 
north and south flanges, while by Load Stage 4 (see Figs. 5 and 6) the cracks 


= caused the observed response of the beam to deviate from the _Tesponse 


on the basis of uncracked behavior. 

In the vertical flanges of the test beam cracks developed differently on the 

inside faces as compared to the outside faces. Fig. 7 shows the cracking that 

oy in the south flange at about the quarter point of the span. On the 

outside surface of the flange the shear flow due to the warping torsion acted 

in the | same direction as the shear flow caused by the » coeumatery — while 
Thus, 

at Load 6 diagonal ‘cracks were evident on the outside face while 

the inside face vertical of the ‘flexural type” predominated. The 


to that dictated by the meee torsion. At higher sends the shear flow due © 
to the warping torsion | began to dominate and new diagonal cracks inclined 
in the opposite direction forme 
7 that by Load Stage 17 (this was a reloading oad Stage at the same torque : 
_ as Load Stage 15) the diagonal cracks on the outside face were inclined at 
approx 38° which is the predicted direction (6) of the diagonal compressive 
_ stresses inthe concrete. | 
As well as influencing the crack patterns, the interaction of the circulatory 
“torsion and the warping torsion strongly affected the measured stirrup strains. 
Fig. 8 shows that, for the vertical flanges, the stirrup strains were much higher 
on the outside leg of the stirrup than on the inside leg, while for the top flange 
the situation was reversed. In the middle of the top flange, the shear flow 
due to the circulatory torsion and the shear flow due to the warping torsion, 
acted in the same direction on the inner face and counteracted on the outer 
The observed re response of the specimen can be summarized as follows (see a 
Fig. 6): (1) By Load Stage 4 the beam was sng go cracked; (2) by Load 


longitudinal steel. After Load Stage 19 longitudinal splitting cracks ne 
gs the bottom of the north side of both the east and the west end blocks 
(see Fig. 10). By Load Stage 20 the longitudinal bars in these locations — 
begun to lose tension (see Fig. 9). ‘After one more increase the the 
applied torque (Load Stage 24) the test was concluded. fe’ bed 


ve (Load Stage 24) the test was concluded 


| 
| 
| 
_ . the stirrups had yielded (see Fig. 8); (4) by Load Stage 21 the specimen was a 
close to failure with the measured concrete compressive strains reaching 0.004. 
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FIG. 9. —Distribution « of sonatedina’ one Strains around Cross Section 
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In te terms of the overall load-deformation response, Fig. 6, ‘the pre 


Table 1 compares predicted and observed of yielding 
and failure torques. The reduction in observed ‘flexural load 


and the rig (5). The observed load required to cause web shear cracks may 2 
_ have been reduced by the presence of the I-in. (25-mm) diam circular holes 
7 in the concrete cover, which were formed (see Fig. 3) so that the strain targets — 


TABLE 1 —Comparisons of Predicted and Torques 


Predicted | Observed | Predicted 

Longitudinal steel yielding 


Hoop steel yielding 


ms plotted 
b 


=n FIG. 11 a of Predicted and Observed Strains in Longitudinal Bar “— 
on the reinforcing steel could be reached. In comparing the yield load -_— 
given. in Table | 1, it should be realized that the steel strains were “measured 
over a base length of 8 in. (20 mm) and that in the case of the longitudinal — 

_ steel this base length was not centered upon the most highly strained section 
(see Fig. 9). Taking these factors into account the precistes and observed values — 

_ As well as predicting overall response the procedures described in Re Ref. 6 

are capable of predicting the pattern | of strains throughout the structure. An 
example of such a detailed prediction i is given in Fig. 11 where the predicted | 

ss observed distributions of strains along a longitudinal bar are compared. 


The strain in this ‘bar changes from tension at midspan to compression near 
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"the — ‘because of the change in direction of the warping moment (see 
. Fig. 4 of Ref. 6). As the warping moment changes sign the sectional co-ordinate a 

of the position of the bar also changes (Fig. 7 of Ref. 6) which in turn causes 
‘the slope of the strain distribution to change. The strain in the longitudinal — 
bar is caused not only by the warping moment but also by the warping torsion n= 
and the circulatory torsion which both cause tension in the longitudinal steel. 
_ This additional tension means that at the quarter point of the span, where the 
is zero, there is is a tension in the longhudinal 


Positions where strains measured 


FIG. 12 —Variation ¢ of Strains Across Wall 
_ Inthe theoretical procedures described in Ref. 6, the cross-section is 09 ol 
7 . the centerline of the thin walls and hence it is the longitudinal strains | on 7 
this centerline which are predicted. As can be seen in Fig. 9 and Fig. 12, 

7 there is a considerable change in longitudinal strain across the thickness a 
the wall. This bending about the centerline of the wall is referred to as secondary 
i warping (7). The predicted distributions of longitudinal strains across the wall ; 
thickness were obtained by modifying (5) the equations for elastic secondary | 
warping (7). It can be seen n that further refinements of this theoretical model — 


a It has already been mentioned that in the vertical flanges of the | test beam 


| 
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sumtin plotted are the average from the 56 locations where strains were measured | 

on the outer legs and the average from the 56 locations where strains were — 
4 measured on the inner legs) with the strains predicted on the basis of the cracked © 

- elastic model (5,6). The model, since it assumes the beam | to” be fully cracked, 
4 predicts that the stirrup strains will commenc= to grow as soon as load is applied. __ 

In fact, straining of the stirrups does not commence until after diagonal cracks 

have formed. As cracking develops the magnitudes of the stirrup strains converse 

towards the predicted values. After yielding of the longitudinal steel (Load 
Stage 15) the strains in the outer legs of the stirrups increase more rapidly, 
eventually exceeding the strains predicted on the basis of cracked elastic behavior. 

The anchorage failure of the longitudinal reinforcing bars was unexpected. ie 

development length for these bars predicted by the 


(avg. of 56 locations) | 


- Strains o on n Vertical Flanges 
of the American Concrete Institute te (ACI) Code qd) is 12.6 in. (320 mm). Even 
though the bars were anchored into the end blocks for a distance of 23 in. 
68S mm) a a number of the bars could not develop their yield load. Strains __ 
were measured in 14 of the longitudinal bars. At the west end of the specimen _ 
; 4 of these 14 bars were in compression. Of the 8 bars in tension, 5 were still 
carrying their yield load at the end of the test. The anchorage of one bar failed 
a about 60% of the bar’ s yield load while the anchorage of a second bar failed _ 
B ay at the yield load. The remaining bar was only stressed to about 70% a q 
: its yield load. The behavior at the east end of the specimen w was very similar = 


za the end blocks the longitudinal bars were not confined by transverse 

reinforcement (see Fig. 3), were closely spaced, and had very little cover (see eet 


Fig. 1). recent recommendations ACI ¢ Commies on Bone ad (2) ‘Suggest 


 —_—the outer legs of the stirrups are subjected to higher strains than the inner 

| 
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that the development length is a function of the concrete cover and the bar E 
= spacing. Based on the small cover these recommendations would predict a 


development length of in. 1. (535 mm) while based on the small Spacing they 


Asa iil of this work the he following conclusions can be stated with respect 
¥ specimen tested: 

It is possible to predict ‘accurately ‘the response of 
thin-walled, open, reinforced concrete structures loaded in torsion. Such a_ 
prediction must take into account | SN due to | Shear ‘Strains and the © 
actual stress-strain character 


2. It is possible to predict with ‘reasonable accuracy the torque at which — ; 


steel, the torque which will cause yielding of the transverse steel and the torque 


the concrete will crack, the torque which will cause yielding of the longitudinal 


3. In order to predict accurately the strains in the two legs of the transverse | 


: steel it is necessary to take into account the interaction between the circulatory — 


torsion and the warping torsion. Even if very very y small i in 1 magnitude the circulatory — i 


orsion contributes significantly to the strain in the transverse steel. po 
4. The variation of longitudinal steel strains along the length of the specimen 
can be predicted well but the variation of longitudinal strains across the wall — 
_ thickness is more difficult to accurately predict. = | 
> zee required development length for closely spaced, longitudinal bars with 
small covers can be significantly underestimated if the provisions of the current _ 
ACI Code (1) are used. For the specimen tested, the recent recommendations © 
_ of the ACI Bond Committee (2) resulted in required development lengths which 
_ were in much better agreement with the observed behavior. oe ae 
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1 and 2, the first Discussion would begin with footnote 3, and subsequent Discussions would — a 
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‘ Resronse OF Loxe -H-Sections* TIONS” 


Discussion by Carl H. H. Gron te 


This excellent paper constitutes an valuable on ‘the aero-— 
-_ investigations and wind tunnel model testing of the bong H-section 


tension members which were employed on the Commodore Barry Bridge. 
ot the findings of these and related investigations to the 
of long span bridge members should altogether eliminate the likelihood of the 
occurrence of fatigue failures of thistype inthe future, eg 
The Commodore Barry Bridge is the longest span highway bridge” 
in the United States, with anchor span lengths of 822 ft (250.6 m) = a main 2 
=, The members of these trusses are mainly closed box and H-shape sections, ¥ 
—: in the shop and high strength bolted at field connections. Many of 
the web members are unusually light and slender in generale 
_ There are several known instances in the United States of wind excited 
of bridge members which required subsequent corrective measures. 
Notably there was the tied arch span of the Tacony-Palmyra Bridge over the - 


Delaware River near Philadelphia in 1929, whose H-type hangers vibrated during 
2 _ completion of construction and were immediately stiffened by strutting. Similar 
i: cases of wind vibration of bridge members have also occurred in Canada, Europe, 
Erection of the three- -span cantilever trusses was begun in February 1972 
proceeded normally, except for some "vibration of the verticals at panel 

‘ = 14 of both trusses. Wire rope guys were then placed to tie those members 7 
_ to the adjacent rigid midheight panel point 13M. By the middle of March 1973, 
_ erection of the two anchor spans and more than two-thirds of the center 
span was substantially completed, but from March 17, 1973-March 19, | 1973, 
strong winds averaging 35 mph-45 mph (56 km/h-72 km/h), were recorded, 
7 and on March 19th and thereafter a total of seven verticals were found severely — 


A ‘fatigue cracked as described in the paper. Temporary splices were placed over rs 
_ the open cracks in uninterrupted day-and-night work within the ensuing 24h, _ 
and the temporary splice plates were with splice material 
March and April 1973. 
Additional splices were installed where inspection visual, or 
es dye penetrant methods indicated active fatigue cracks. Cracks in the initiation ea 
state were stopped by a drill hole and bolt at the tip of the crack. Me St . 
Damping devices in the form of double wire rope guys were installed to 
the centers of 16 verticals to adjacent rigid panel points, im 


“January, 1980, by Frances J. Maher and Larry E. Wittig (Proc. Paper 15105). 
a *Consultant, Steinman Boynton Gronquist & Birdsall, 50 Broad St., New York, N 
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Bethlehem Steel Corporation on May | 1 Pat 
y ronquist & Birdsall to conduct a comprehensive independent investigation n of 
the technical and safety problems which surfaced with the discovery of the 
 eracksi in the several verticals on March 19, 1973, including the study of temporary 
and permanent measures to prevent further damage. 
: In addition to the installation of the temporary guys described above, wire 
4 rope guys at 12 panels arranged t to serve as horizontal X-bracing were installed " 
if = at midheight between the two trusses. A detailed program for the maintenance 
- of the temporary restraining guys, as well as for systematic inspection of critical 
members for fatigue crack initiation, was instituted by the qentencies on the 
Most essential, in connection with this investigation, was the computation 
of the natural frequency a and critical wind velocity, | due to vortex shedding, 
of the H-sections and box sections of the long web members of the trusses 
at onset of vibration. Approximately 226 web members of the two trusses were 7 : 
_ determined to be susceptible to vibration in wi winds below 100 em (159 km/h) 


section truss of this bridge by Howard, “Needles, Tammen 
Bergendoff for the Delaware River Port Authority was authorized April 30, an. 
1974. In this investigation the foregoing consultants had the very valuable — 
of Wardlaw, et al. (5, 15), and the excellent facilities of 


Canada, Ottawa, Canada. The re results of these investigations were comparable 
: to those reported in this paper, but included the development of vi vibration memes 


; the future to meet the criterion that the critical wind velocity s at onset of vortex 
shedding vibration should not be less than that for a a 50-yr period or 100 mph 
(159 km/h), and that ‘intermediate ‘struts and transverse bracing should be 
employed as necessary in order to stiffen the members. 22g ged Jo bl unos 
_ The use of a perforated web in H-sections has proved adequate in many ~ 
cases in avoiding vortex shedding vibration, but it tends to lower the critical 
wind velocity for galloping as mentioned in the paper. Box sections, , either : 
with or without "perforations, are definitely to be preferred over H- sections 
for bridge members, although nonperforated box sections are susceptible to 
vortex shedding vibration and galloping. However, the writer knows of no reported 
7 _ vibration of the closed box sections which wore used on the Osaka Harbor — = 
P cantilever bridge completed in 1974 in Japan. This i This isa double- deck bridge with 


a main span of 1,673 ft(510m). bin genie 
17. U C. C., ‘*Natural Frequencies of Axially Loaded Tension Members,’ Journal 
« of the Structural Division, ASCE, Vol. 104, No. ST2, Proc. Paper 13512, Feb., 1978, 7 
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